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ABSTRACT
At the s ta r t  of th is  work in 1988, apart from bulk re la xa tio n  
experiments four authors had reported d isc r im ina t ion  o f o i l  from 
water in core samples under s ta t ic  conditions by MRI, and only one, 
Baldwin (1986) had reported v is u a l is a t io n  of f low ing  o i l  and water 
using doping agents Mn++.
The aim of th is  research was to develop the a p p l ica t ion  o f MRI to 
petroleum engineering and in p a r t ic u la r  to develop Enhanced Oil 
Recovery (EOR) techniques. A syn e rg is t ic  approach was adopted 
invo lv ing  co l la b o ra t io n  w ith  AGIP O i l ,  I t a l y  and the Petroleum 
Engineering Department o f Imperial College.
A systematic study o f p roperties  o f the f lu id s  and th e i r  in te ra c t io n  
w ith  rock types was mounted, to inves t iga te  su itab le  contrast 
mechanisms. This was fo llowed by s ta t ic  and dynamic imaging 
experiments.
The chemical s h i f t  imaging technique has been used to  measure o i l  
and water sa tu ra tions  during f lood ing  experiments w ith  Portland 
Limestone. For the f i r s t  time MRI has been used to  generate 
r e la t iv e  perm eab il i ty , and f ra c t io n a l  f low  curves fo r  a core plug. 
The c a p i l la r y  pressure gradient was also determined from the data. 
The new method was compared to the re su lts  o f t r a d i t io n a l  core 
ana lys is .
M isc ib le  displacements in Lochaline Sandstone were then studied 
using D20, g lycero l and polymer so lu t ions . The spin echo imaging 
technique was used to  determine the angle o f the in te r face  between 
the f lu id s .  This angle is  determined by the r a t io  o f viscous to 
c a p i l la r y  fo rces. From th is  information the core perm eab il i ty  
( l iq u id )  and polymer v is c o s i ty  were measured. These measurements 
compared well w ith  conventional methods and the re s u lts  break new 
ground fo r  MRI. The polymer v is c o s i ty  measurements are o f 
p a r t ic u la r  in te re s t  since the f l u id  is  non-newtonian.
In separate experiments t e r t i a r y  chemicals were id e n t i f ie d  d i r e c t ly  
during displacement experiments by MRI fo r  the f i r s t  time.
F in a l ly  a new model system was developed fo r  image c a l ib ra t io n .
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CHAPTER 1
THE PRINCIPLES OF NUCLEAR MAGNETIC RESONANCE
1.1 INTRODUCTION
Magnetic nucle i can in te ra c t  w ith  s ta t ic  and time varying magnetic 
f i e ld s .  Under ce r ta in  circumstances they resonate and absorb energy 
a t s p e c i f ic  frequencies. This e f fe c t  is  known as nuclear magnetic 
resonance NMR.
The f i r s t  successful nuclear magnetic resonance experiments were 
ca rr ied  out independently in physics labo ra to r ies  at Stanford (Bloch 
1946a) and at Harvard (P urce ll  e t al 1946). Four years la te r  the 
chemical s h i f t  phenomenon was reported by Proctor and Yu (1950), and 
Dickenson (1950). This opened the way fo r  the determination o f the 
atomic composition and s tru c tu re  o f molecules and spurred the 
development o f the NMR spectrometer in the e a r ly  1950's.
I t  was not u n t i l  1973 th a t  the spa tia l imaging o f the l iq u id  s ta te  
was reported by Lauterbur (1973) and independently the one 
dimensional reso lu t ion  o f s o l id  s truc tu res by Mansfield and Granell 
(1973). By the mid 1980! s medical MRI machines were producing high 
q u a l i ty ,  d ia g n o s t ic a l ly  useful images o f s tru c tu re  w ith in  the human 
body.
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The present re so lu t ion  o f NMR microscopy has been experim enta lly  
estimated at 4p,m x 4j±m x 200|xm (Cho 1988) and the f e a s i b i l i t y  o f 
submicron re so lu t ion  has been discussed, w ith  a p p l ica t io n  to the 
study o f c e l lu la r  s truc tu res in p lan ts , and small animals. The 
spectroscopy and MRI techniques can be combined to study in -v ivo  
b iochemistry by fo l low ing  d i f fe re n t  nuclei (Radda 1989) fo r  example 
1H, 2H, 23Na, 31P and 19F. MRI can d is t in g u ish  and measure f l u i d  f low  
(S tep isn ik  1985) and d i f fu s io n  (Taylor and Bushel! 1985, S t i lb s
1987).
With the recent ap p lica t io n  o f l in e  narrowing techniques and s o lid  
echoes to  MRI, the imaging o f so lid s  has been reported. McDonald e t 
al (1987), fo r  example have reported images o f p la s t ic s .
In the in d u s t r ia l  sector NMR techniques have been used in a diverse 
range o f problems from detecting  narcotics  in the m a il, to  measuring 
water content in food s tu f fs  and detecting  p la s t ic  explosives.
The aim o f th is  work is to fu r th e r  expand the d iv e rs i ty  o f nuclear 
magnetic resonance app lica t ions  by applying NMR to  the problems of 
petroleum engineering, in p a r t ic u la r  to multiphase f l u i d  f low  in 
porous media. These phases include o i l ,  water polymers, su rfac tan ts  
and a lcoho ls .
2
1.2 CLASSICAL DESCRIPTION
Magnetic nucle i can in te ra c t  w ith  s ta t ic  and time varying magnetic 
f i e ld s .  Under c e r ta in  circumstances they resonate and absorb energy 
a t s p e c if ic  frequencies. This e f fe c t  is  known as nuclear magnetic 
resonance NMR.
C la s s ic a l ly  a charged p a r t ic le  moving in a c i r c u la r  o r b i t  w ith  
angular momentum £  has magnetic moment ^  (Harris  1986). £  and ^  are 
re la ted  by the magnetogyric r a t io  y.
jj. - yP 1.1
A magnetic nucleus in a s ta t ic  magnetic f i e ld  experiences a torque, 
equal to the ra te  o f change o f angular momentum.
dP , o  -  -U A B 1.2dt ^  -
S ubs titu t ing  fo r  j i  from 1.1,
djy, -  -
_  -  ji A yS 1.3
dt
I f  the f i e ld  B = (0, 0, Bz) by expanding the cross product and 
in te g ra t in g  w ith  respect to time we have the so lu t ions ;
\ix - ALcos (-yB t  + a)
jJL^ - Asi.n(-yB2t + a) 1.4
V. - B
Where A, B and angle a are constants determined by the i n i t i a l
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p o s it io n  o f jx when B. was applied long the Z ax is . The equations 
show the component |xz is  time independent. Therefore the angle th a t 
jx makes w ith  Z axis does not change w ith  time, and can be p fo r
example (Figure 1 .1 ).  Therefore |xz can be re w r i t te n ,
\xz » |jx|cos£ • 1.5
and hence;
A ~ |ja | sin J3 1.6
From equation 1.4 we also see th a t the magnetic moment ro ta tes  about
the Z d ire c t io n  a t a ra te  o where
to - y B z 1.7
We may transform equation 1.3 to a reference frame ro ta t in g  at
angular frequency o w ith  ord inates X', Y', Z.
—r- - jx A ( y S + Q ) 1.8
at
By analogy w ith  1.3 we can consider the e f fe c t iv e  f i e l d  in the 
ro ta t in g  frame Beff
B - B + —  1.9— eff — y
I f  u = -yB then Beff = 0 and the magnetic moment jx is  s ta t io n a ry  in 
the ro ta t in g  frame. The value o f angular frequency Wq is ca lled  the 
Larmor frequency and is equal to the frequency of precession jx about 
B . Consider an o s c i l la t in g  magnetic f i e ld  Bj, of amplitude 
applied perpendicular to B . In the ro ta t in g  frame;
4
zFIGURE 1.1 THE NUCLEAR MAGNETIC MOMENT IN THE LABORATORY FRAME
z’
FIGURE 1.2 THE NUCLEAR MAGNETIC MOMENT IN THE ROTATING FRAME
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— — a \x A ( yB + (xi + yB ( t) ) 1.10
d t  V -  “  i
I f  the o s c i l la t in g  f i e ld  Bj has the same frequency as the ro ta t in g  
frame w, then i t  w i l l  appear s ta t io n a ry ,  and may be along the X
d ire c t io n  fo r  example. I f  th is  frequency u = w0 then;
djx -  , , .
—  -  | i  A y 1 .1 1dt
So in the ro ta t in g  frame jx sees s ta t io n a ry  f i e ld  Bx along the X 
d ire c t io n .  I f  jx is  i n i t i a l l y  along the Z d ire c t io n  and a short 
pulse o f o s c i l la t in g  magnetic f i e ld  is  applied fo r  a time t P, jx is 
tipped away from 1 in the (X, Z) plane (Figure 1 .2 ), by angle <j>;
(j) -  y B l t  1 .1 2
So |x may be ro ta ted  through an angle by an appropria te  pulse. 
Consider a system conta in ing a number o f magnetic moments jx^ The 
vector sum of ind iv idu a l components M is the bulk magnetisation.
M. -  E i L i  1 .1 3
Then from 1.3;
dM ,  ,  .
—= ~ M  A yB 1 .1 4
d t  “  "
(compare to 1.44, 1 .45.) As the f i e ld  is  applied the ove ra l l  
magnetisation of the sample w i l l  increase to a maximum value,
determined by the magnetic su sce p t ib i1i t y . x ,  o f the sample.
M  - x Bo 1.15
This process is  known as p o la r is a t io n ,  which increases the energy of
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the spin system. The value M0 is approached exponen tia lly  w ith  
c h a ra c te r is t ic  time constant Tlf Bloch (1946a). Bloch also 
postu lated th a t  the Mx, and My components o f the bulk magnetisation 
could be described by exponen tia lly  decaying func tions  w ith  time 
constants T2, known as the transverse re la xa tio n  time, and tha t the 
processes th a t  cause the decay o f the Mx, Mv components did not 
change the to ta l  energy o f the spin system. These processes were 
a t t r ib u te d  to an "e f fe c t iv e  i r r e g u la r i t y  of the Z - f i e l d " ,  due to 
in te rnuc lea r fo rces, inhomogeneities in the main f i e l d  and the 
presence o f other moments, such as paramagnetic ions. Bloch fu r th e r  
proposed th a t the motion o f the magnetisation around B. and the 
re laxa t io n  processes could be combined.
dM M
(M A y B ) x -
dt t2
dM, M
~ d t  " (—  a y B ) y - 1-16
dM (M  - M  )
i «  jt A m  v '  2  O '(M A YB)
dt — ,z T1
Applying a short pulse, w ith  the main f i e ld  along the Z d ire c t io n ,
1.2.1. Hahn Echo
Hahn (1950b) showed th a t by applying a 180° pulse at a time t e /2 
a f te r  the 90° along the X ',  (180x) or along the Y ' ( (180Y) axes, the
i/i Out
advanced signal phase, due to  the inhomogenerhas magnetic f i e l d  could 
be refocussed at a time te .  Shown schematically in Figure 1.3. 
This echo amplitude would be independent o f magnetic f i e ld  
v a r ia t io n ,  and be a measure o f the natura l l inew id th  T2 (see 1 .6 .2 . ) .  
This process is  known as spin-echo or Hahn echo. An equiva lent 
process, developed fo r  imaging, uses gradients to refocus the spins 
(section  1.15).
FIGURE 1.3 HAHN ECHO IN THE ROTATING FRAME
F represents s ignals precessing in a higher f i e ld  
a t a fa s te r  ra te , S s ignals in a lower f i e ld  at 
lower ra te
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1.3 QUANTUM MECHANICAL DESCRIPTION
Nuclear Magnetic Resonance (NMR) is  a phenomenon th a t  may be 
observed i f  a nucleus possesses angular momentum and magnetic 
moment.
Before expanding on the o r ig in s  of the nuclear angular momentum we 
need the general r e s u l t  from quantum mechanics th a t the to ta l  
angular momentum vector P. of an iso la ted  p a r t ic le  is  quantised. 
This to ta l  angular momentum may be described by a vector operator P 
such th a t only i t s  magnitude £2 and one spa tia l component,Pz fo r  
example, can be spec if ied .
Where R and MR are quantum numbers, and h = h/ tt where h is  Planks 
constant. MR has 2 1 + 1  values. Many, but not a l l ,  atomic nuclei 
possess an angular momentum, or spin, defined by the nuclear spin 
number I .  The la rges t measurable component o f th is  angular momentum 
is  Hi w ith  I e i th e r  in teger or h a lf  in teger.
The o ve ra l l  spin o f the nucleus is determined by the s tru c tu re  of 
the nuclear energy leve ls  and the pos it ions o f the nucleons in these 
leve ls . For a f u l l  d esc r ip t io n  see Eisberg R., Resnik R. (1974).
R = 0,l/2rl.. 1.18
fo r  Mr = I ,  1-1 . . .  1.19
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Two important nucle i w ith  zero spin angular momentum I = 0 are the 
common isotopes 160 and 12C. They there fo re  do not d isp lay  NMR 
spectra, which g re a t ly  s im p l i f ie s  the spectra o f organic compounds. 
Some examples which are applicab le  are shown in Table 1.
Consider a system o f no n - in te rac t ing  nuclear spins, w ith  the nucle i 
in th e i r  ground s ta te .  The magnetic moment £  and the re s u lta n t  o f 
the spin and o rb i ta l  angular momenta J. are constant co-1 inear vector 
operators and re la ted  through the magnetogyric r a t io ,  y.
£ - yJ 1.20
A dimensionless angular momentum operator may be defined, 
j = iJ 1.21
The eigenvalues o f l z, denoted by quantum number m have 21 + 1 values 
from - I , ( -1 + 1 ) , . . .+ 1  as described in 1.1 we may spec ify  the length 
o f the vector operator f, by operator X2 which has spec if ied  
eigenvalues 0, 1 . . . .  depending on the nucleus w ith  a net
magnetic moment. Placed in a magnetic f i e ld  B has an in te ra c t io n  
energy of - £  . EL We have a simple Hamiltonian.
H  - -X.B 1.22
I f  the f i e ld  is  applied along the Z d ire c t io n  p a ra l le l  to  I z.
K = - B 0y1iiz 1.23
The eigenvalues o f I z have already been described. The eigenvalues 
o f th is  Hamiltonian are simply m u lt ip les  of yhB0. Therefore the
10
TABLE 1
MAGNETIC PROPERTIES OF VARIOUS NUCLEI AND COMPONENTS
Isotope
I
spin
Natural 
abundance %
Magnetic
moment
p / p - N
Magnet 
ratio 
y/107 1
Electron h - -3.18 x 103 -2800
Neutron h - -3.31 -2.916
lH i. 99.985 4.84 4.258
2H l 0.015 1.21 0.654
13C h 1.11 1.22 1.070
19f h 100 4.55 4.008
23Na 3/2 100 2.86 1.127
31 p •L 100 1.96 1.725
pN = eh. = 5.05095 x 10'27 JT'1 
2mp
jxN is  the nuclear magneton 
mp is the mass o f the proton
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allowed energies are:
Em -  — yT»B0m w ith  m = I ,  I - 1.24
In the case o f  I = % fo r  the hydrogen nucleus fo r  example there are 
two energy leve ls  (Figure 1 .3 ). The e f fe c t  of applying an external 
magnetic f i e l d  B has l i f t e d  the nuclear spin degeneracy o f the 
ground s ta te  to  produce a set o f 21 + 1 magnetic sub-leve ls  having 
energy separation yhB0.
I f  we apply an a lte rn a t in g  magnetic f i e ld  perpendicular to  the 
s ta t ic  f i e ld  B0 i t  may be w r i t te n .
2Hjj_ coscot -  Hj( i c o s o t  -  j  s in  cot ) 25
+ Hl ( i  cos cot + J  s in cot )
With i  and j  u n i t  vectors in the X and Y d ire c t io n s  resp ec t ive ly .  
The f i r s t  term represents a magnetic f i e ld  ro ta t in g  w ith  angular 
frequency -w. in the labora to ry  reference frame. The second term is 
s im ila r  but w ith  an opposite sense o f ro ta t io n  +«. The f i r s t  term 
induces t ra n s i t io n s  between the substates by applying pe rtu rba tion ,
Hert -  -Y'hH,ixcos wt 1.26
w ith  the second term e f fe c t iv e ly  2w o f f  resonance. In order fo r  
t ra n s i t io n s  to be induced the spin operator describ ing the spin 
pertu rba t ion  must have f i n i t e  values between spin s ta tes m1 and m. 
For I x the m atr ix  elements vanish unless,
< riT | Xx | m > Am = m1 - m = ±1 1.27
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measurable values o f Energy leve ls  Energy 
angular momentum in and populations in units
un its  o f ti o f lio
Bo
1 /2
- 1 /2
FIGURE 1.4 NUCLEAR ENERGY LEVEL DIAGRAM FOR SPIN k  NUCLEI
From 1.24
AE *= tico “  yt>B0 1.28
to = 1.29
The equation 1.29 is  o f p r in c ip le  importance s ta t in g  the nuclear 
t ra n s i t io n s  can be stim ula ted by RF ra d ia t io n  w ith  frequency 
proport iona l to the f i e ld  strength B0. This cond it ion  is  known as 
nuclear magnetic resonance.
Consider a system which has N spin ^ nucle i which do not in te ra c t .  
I f  we denote the population o f the upper sta te  N+ and the low sta te  
N_ corresponding to  M = ±% re spec t ive ly , w ith the population 
d if fe re n ce  n, then;
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1.30
N -  N -  n 1.31^  «•
I f  we denote the p ro b a b i l i t y  o f a spin t ra n s i t io n  upward in energy,
from M=+% -* W-~\ by Wt and downward t ra n s i t io n  by Wl the ra te
equation governing the population N+ in the upper leve l is  given by,
dti
— 1 -  N Wt -  N Wl 1 *32
dt
From time dependent pertu rba t ion  theory (S l ic h te r  1963), Wt = Wl = 
W in th is  case. So th a t  on s u b s t i tu t in g  fo r  N+ and N. from equation 
1.30 and 1.31 we have,
±1 -  -2Wn 1.33
dt
the so lu t ion  of which is 
n = noexp(-2Wt) 1.34
Where n0 is the value at t  = 0, and the ra te  of energy absorbtion is 
given by
—  = N W *h<D -  N W tio)
dt * '  1.35
= WW n
This re s u lt  shows there must be a non-zero population d if fe rence  
between the sta tes fo r  a net absorbtion o f RF energy.
In order fo r  th is  population d if fe rence  to occur i t  is  c lea r tha t
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the spin system must be coupled to another system, w ith  which energy 
can be exchanged. The atomic or molecular environment has a range 
o f degrees of freedom, th is  thermal rese rvo ir  is genera lly  termed 
the ' l a t t i c e ' , and has a temperature T pos tu la t ing  th a t a downward 
t r a n s i t io n  o f the spin system requires an upward t r a n s i t io n  o f the 
l a t t i c e ,  and vice versa, i f  thermal e q u il ib r ium  is  estab lished the 
f i n a l  populations o f the nuclear leve ls N°+, N°_ are given by
In order fo r  the exchange process to occur the nuclear leve ls  w i l l  
have the same re la t iv e  populations as the corresponding la t t i c e  
le ve ls .  Also from equation 1.32 at thermal e q u i l ib r iu m ,
W 1 N°
So th a t  the p ro b a b i l i t ie s  Wt and Wi are not equal. S u bs t i tu t in g  fo r  
N+f and N_ in equation 1.32 from 1.30 and 1.31 we have
—  -  N ( WI -  Wt) -  n( Wl Wt ) 1.39
dt
or
±1 -  n° "  n 1.40
dt Tx
where
1.36
1.37
and
1.38
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.  rwi - w n N
o  1.1 I 111 +^W1 + Wt,
1.41
and
JL - ( Wl + Wt)
T,
1.42
For a sample i n i t i a l l y  unmagnetised n(t=0) = 0. The so lu t ion  fo r  
1.40 is
This re s u l t  shows th a t  the magnetisation of the spin system r ises  
exponen tia lly  to the e q u i l ib r iu m , w ith  time constant T^
Let us now consider the bulk magnetisation of th is  spin system, i t  
is the expectation value o f magnetic moment o f the group o f spins 
<jl>, (S l ic h te r  1963)
This corresponds to the c la ss ica l view of the to ta l  magnetic moment 
o f the system (equation 1.42) w ith ,
n ( t )  -  n0[ l  -  exp ( - t / T j ] 1.43
1.44
M " £<!*!> 1.45
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1.4 THE MAGNETIC DIPOLE - DIPOLE INTERACTION
A system of spin % nucle i can be thought o f as an assembly of 
nuclear d ipo les . The most important re laxa tion  mechanism fo r  th is  
system is the d i re c t  magnetic d ipo le  - d ipo le  in te ra c t io n ,  in which 
the magnetic f i e ld  o f one nuclear d ipo le  couples w ith  the magnetic 
f i e ld  o f another. I f  we consider two c lass ica l magnetic moments jij. 
and the in te ra c t io n  energy is given by:
c  ^  3  •  r M  •  U  1 - 4 6
3^ 5^
a ,  -  v . 4  1 4 7
Where r. is  the vector between ^  and jx .^ Let us assume th a t  ^  and
jxj, are id e n t ic a l  spin k  nucle i 1 , 2 .  By expressing the X, Y terms
o f the Hamiltonian using the ra is in g  and lowering operators 1+, V
and transforming to  spherical co-ordinates ( r ,  0, 4>) Van Vleck 
(1948) showed the Hamiltonian describ ing th is  in te ra c t io n  energy may 
be w r i t te n  as equation 1.48.
H  + B +  C +  D +  E +  F ) / r 3
A -  I lzI 2z( 1 -  3cosz 0)
B -  - ( i ; i 2 + I - I 2) (1 -  3cos20)/4
C = - 3 ( i ; i 2z + I lzI 2)s in  0 cos 0 e x p [ - i0 ] /2  1.48
D = - 3 ( I 1I 2z + I lzI 2)s in  0 cos 0 e x p [ i0 ] /2
E -  - 3 I ’ I 2s in2 0 e x p [-2 i0 ] /4  
F -  - 3 I j I 2s in 20 e x p [2 i0 ] /4
In po lar co-ord inates the angle 0 is  the angle the in te r -d ip o la r  
vector r  subtends w ith  the main f i e ld  d ire c t io n  Z, and the angle
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which r  subtends w ith  the X, Y plane.
I f  we denote the spin quantum numbers o f the nucle i m and n then the 
t ra n s i t io n s  due to  the terms A - F are summarised in Table 2 (A tta rd
1988), these are shown on the diagram (Figure 1 .5 ) .  The spin states 
\  and correspond to  a  and (3 re spec t ive ly .
The A Term corresponds to  the in te ra c t io n  o f the s ta t i c  component o f 
the local magnetic f i e l d .  Which, c la s s ic a l ly ,  is the Z component o f 
magnetic f i e ld  a t one nuclear s i te  due to  the Z components of 
neighbouring magnetic moments. The local f i e l d  va r ia t io n s  from 
nucleus to  nucleus gives w idth to the resonance l in e .
B can only f l i p  one spin up w ith  the simultaneous lowering o f the 
other coupled sp in . The Larmor precession o f one spin produces a 
ro ta t in g  f i e ld  at the resonant frequency and loca t ion  o f the other 
re s u lt in g  in rec ip roca l t ra n s i t io n s .  This process also broadens the 
l in e  by shortening the l i f e - t im e  of the spin s ta te .
The terms C, D f l i p  on ly one spin, and are known as s ing le  quantum 
t ra n s i t io n s  since Am, or An = ±1. Both spins are f l ip p e d  up, or 
down simultaneously by E and F. Known as a double quantum 
t ra n s i t io n .  Terms A and B do not re s u lt  in a net t r a n s i t io n  or 
change o f nuclear s ta te  so do not con tr ibu te  to  s p in - la t t i c e  
re la xa t io n . However C, D, E, F a l t e r  the net populations o f the 
s ta tes and so con tr ib u te  to  both re laxa t ion  mechanisms.
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THE EFFECT OF DIPOLAR TERMS A - F 
ON THE NUCLEAR SPIN QUANTUM NUMBERS m AND n
TABLE 2
Term
Change in 
m
Change in 
n
Total change
Am=0
Am=±l
Am={0
{i
Am={0
{i
Am=l
Am=-1
An=0
An=±
An={0
{i
An={-1
{0
An=l
An=-1
A(m+n)=0
A(m+n)=0
A(m+n)=l
A(m+n)=-l
A(m+n)=2
A(m+n)=-2
f l a
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In a l iq u id  the molecular motions cause r ,  0 f <J> to  change ra p id ly  so 
the (1 - 3cos20) average to  zero on the timescales o f NMR re la xa t io n . 
Therefore the terms A and B do not con tr ibu te  to  e i th e r  re laxa t ion  
process in a pure l iq u id ,  Tj = T2. This time averaging e f fe c t  is 
ca lled  motional narrowing. I t  is  s trong ly  dependent on the 
co r re la t io n  time o f the system, (see 1 .6 . ) .  This is  loosely 
described as the molecular tumbling ra te , assuming a ce r ta in  type of 
molecular motion.
1.5 QUADRUPOLAR INTERACTIONS
A nucleus w ith  spin may have a quadrupole moment, Q, due to a 
non-spherica lly  symmetric charge d is t r ib u t io n .  The coupling o f th is  
quadrupole moment w ith  the f lu c tu a t in g  e le c t r ic  f i e l d  gradients in 
a covalent bond can provide an e f f i c ie n t  re la xa t ion  mechanism fo r  
th is  nucleus in a molecule, o f a l iq u id .  Two important examples are 
deuterium 2H, I = 1, Q = 2.77 x 10'3 and sodium 23Na, I = 3/2, Q -  0.1 
where Q is  measured in u n its  o f e x 10‘24 cm2 (Emsley e t al 1965). 
Solutions conta in ing 23Na genera lly  have rapid re la xa t io n  ra tes and 
broad l ines i f  the 23Na nucleus is  studied.
1.6 RELAXATION
1.6.1 Theory of Relaxation
Relaxation between nuclear energy levels is  s timulated by
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o s c i l la t in g  magnetic f i e ld s .  Molecules in l iq u id s  undergo random 
ro ta t io n a l  and t ra n s la t io n a l  motion, a nuclear magnetic moment w i l l  
experience a ra p id ly  f lu c tu a t in g  magnetic f i e ld  produced by the 
motions o f neighbouring nu c le i.  This is  normally a d ip o le -d ip o le  
re la xa t io n  mechanism, which has been described in section 1.4. I f  
the frequency components o f th is  time varying magnetic f i e l d  match 
the t ra n s i t io n s  between the energy leve ls th is  w i l l  s t im u la te  
re la x a t io n .  Bloemburgen e t al 1948 put forward a theory re la t in g  
re la xa t io n  behaviour to these motions.
I f  we describe the p os it ion  o f a magnetic nucleus w ith  respect to 
i t s  neighbour in terms o f spherica l harmonics:
Y0 = r'3(l -  3cos20)
Yl = r 3sin0cos0exp(i0) 1.49
Y2 -  r ' 3s in20exp(2i0)
As the molecule moves these components are time dependent. I t  is  
useful to  define c o r re la t io n  functions M O *  where t is  the 
c o r re la t io n  time of the f l u id .
M O  = Y1( t )Y*Ct + t) fo r  i = 0, 1, 2 1.50
The bar represents the time average, and Y,* is  the complex conjugate 
o f Yi. This c o rre la t io n  fu n c t io n  is  often assumed exponentia l, and 
is characterised by the c o r re la t io n  time Tb fo r  the molecular motion.
M t ) -  M 0 )e x p ( - |T | /T c) 1.51
tc is  o f the order o f the time a molecule takes to turn  through a 
radian or to move over a distance comparable w ith  i t s  dimensions.
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Liquids have short c o r re la t io n  times compared to  so l id s .
The spectra l dens ity  fun c t ion  J(co) is the Fourier transform of the 
c o r re la t io n  fu n c t io n .  I t  denotes the in te n s i t ie s  o f the frequencies 
which can s tim u la te  re la xa t io n :
J/to) = K /rJe xp f icjr)dT 1*52
CO
C lea r ly  from 1.51 th is  func tion  is  s tron g ly  dependent on the 
c o r re la t io n  time tc . Figure 1.6 depicts the density  o f states fo r
a) small, b) large molecules. (Note th a t the diagrams would be 
s im ila r  i f  molecules o f the same size were at a) high, b) low 
temperature.)
I t  can be shown th a t  tc is  p roportional to  f l u id  v is c o s i ty ,  and 
inverse ly  p roport iona l to temperature (Emsley e t al 1965). These 
properties  have profound e ffe c ts  on re la xa t io n  ra tes as w i l l  be 
shown la te r .
The Bloemenburgen, Purce ll and Pound theory was able to  describe Tl 
re la xa t ion  w ith  c o r re la t io n  time. However fo r  a more accurate 
p ic tu re  we must consider the in te ra c t io n  Hamiltonian. For a system 
o f two ide n t ica l spins w ith  in te rac t io n  tensor Tc .
^  -  - h i  . Tc . I 1 ‘ 53
The in te ra c t io n  fo r  the l iq u id  s ta te is  p r in c ip a l ly  d ip o la r ,  ( fo r  a 
descr ip t ion  re fe r  to  section 1.4). A s im ila r  expression can be used
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FIGURE 1.6 A LOGARITHMIC PLOT SHOWING SPECTRAL DENSITY AS A 
FUNCTION OF FREQUENCY
a) Extreme narrowing, small molecule, or high temp.
b) Macromolecule, or low temperature.
w0 = Larmor frequency. The sharp drop in the f l a t  section 
o f J (co) occurs at g)0tc = 1
FIGURE 1.7 RELAXATION TIMES AS A FUNCTION OF CORRELATION TIME AND 
SPECTROMETER FREQUENCY
w0 = spectrometer frequency.
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to  evaluate other in te ra c t io n s ,  the an iso trop ic  chemical s h i f t  
tensor in so lids  fo r  example.The d ip o la r  in te ra c t io n  is  dependent on 
S) = 0, 8)1, 28)1 (Section 1 .4 ) .  Denoting re laxa t io n  ra tes by R: and 
R2 i t  is  possib le to evaluate the re s u lt  (Farrah and Becker 1971).
1  - R, -  S / Z v V K l + O f J / ^ )  + 0,(20,)]
4- .  R, -  y V l ( I  + l)[3/8Jo(0) + 15/4J,(q) + 3/8Jz2(<^ )]
*3.
1.54
The general form of re la xa t io n  behaviour versus c o r re la t io n  time is 
shown in Figure 1.7. For l iq u id s  the spectra l density  func tions  can 
be r e la t i v e ly  e a s i ly  ca lcu la ted , since the in te ra c t io n  energy is 
mainly in tram olecular ro ta t io n ,  equation 1.55.
2 y V l ( I + l ) Tc
5r6 1 + <Jt I
4t
R .(ro t)  -
5re
5 t  2 t
3t +  5  +  1___
c 1 +  J t 2 1 +  4 cd2t 2
1.55
For mobile non-viscous l iq u id s  &0 tc « 1  and R: = R2 are p roportiona l 
to  tc. From expressions 1.54 i t  is important to see th a t  R2 is 
dependent on the func tion  J (0 ) ,  but is  independent o f J (0 ) .  The 
co n tr ib u t io n  of J(0) corresponds to  no energy change, an ad iabatic  
process. Bloemenburg, Purce ll and Pound also ca lcu la ted  the e f fe c t  
o f adding N paramagnetic ions, o f e f fe c t iv e  magnetic moment jxeff, to 
1 cc o f a so lu t ion  o f v is c o s i ty  t\,
i- - 1 2tt2 y2tiN M^eff / 51< t
' i
1.56
24
1.6.2 Experimental measurement of relaxation times
In summary the nuclear magnetic resonance signal w i l l  decay w ith  
time due to  the combination o f three p r in c ip a l  processes.
1. The t ra n s fe r  o f energy from the spin system to  the la t t i c e  
w ith  a c h a ra c te r is t ic  exponential decay w ith  time constant Tx 
known as the s p in - la t t i c e  re la xa t io n  time constant.
2. A random in te ra c t io n  between the nuclear spins which leads to 
a degeneration o f coherence o f the precession o f spins which 
has a c h a ra c te r is t ic  exponential time constant T2 known as the 
sp in -sp in  re la xa t io n  time constant.
3. In p rac t ice  is  not p e r fe c t ly  homogeneous, th is  and the 
presence o f any local magnetic f i e l d  gradients w i l l  cause the 
spins to  precess a t s l ig h t l y  d i f fe re n t  frequencies so th a t 
there is  a mutual dephasing which has a c h a ra c te r is t ic  time 
constant T2*.
The Inversion Recovery Sequence (180° - t  - 90° - TR) can be used to 
measure (F igure 1 .8 ) .  An RF pulse a = 180° is  applied to  the 
nuclear system at thermal e q u i l ib r ium , the re s u lt in g  magnetisation 
M w i l l  be tipped through 180° and l i e  along -B^ i t  w i l l  re lax  back to 
^  exponen tia lly  in time according to  equation 1.57 where t  is  the 
time from the i n i t i a l  180° pulse.
25
180°
90°
RF
NMR signal 
FIGURE 1.8
90° 180° 180°
*  y y
n 180 pulses
rf _ _ n — 1 1 — 1 1-----------------^
_  r  2r    n *2r-FTr
NMR signal 
M(t)
FIGURE 1.9
VA
t i Tr
M(t)
INVERSION RECOVERY SEQUENCE
CARR-PURCELL-MEIBOOM-GILL PULSE SEQUENCE
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M ^t)  -  Mgll -  2 e x p ( - t /T 1) ) 1.57
The Magnetization M2 is  p a ra l le l  w ith  the magnet f i e l d  so i t  does 
not generate a s igna l in the detection c o i l .  To sample the 
magnetization N^ , an a = 90° RF pulse is  applied at a time t i  a f te r  
the 180° pulse. This pulse t ip s  the magnetization Mj in to  the XY 
plane, where i t  generates a signal in the detection  c o i l  
p roportiona l to the value of M ^ t ) .  The sequence is  repeated w ith 
d i f fe re n t  values o f t i  and the amplitude o f the signal recorded. 
The sample magnetisation must be allowed to re lax  back to thermal 
e qu i l ib r iu m  before the sequence can be repeated. The re p e t i t io n  
time Tr is  genera lly  chosen to  be greater then 5Jl a t which time>99% 
o f the magnetisation w i l l  have been re -es tab lished . The value o f Tj 
is  ca lcu la ted by f i t t i n g  the values o f MzCt) to  the exponential 
equation 1.57.
In the absence o f s ta t i c  f i e ld  inhomogeneity, the transverse 
magnetization M^, generated by a pp lica t ion  of an RF pulse, decays 
w ith  the re la t io n s h ip :
M ~ M e x p ( - t /T 2) 1.58
—xy — o 1 L
However, in the presence o f inhomogeneties in the magnetic f i e l d  the 
decay o f the M*y is  characterized by T2* equation 1.59.
M = M exp(-t/T*) 1.59
— xy — o 1
The dephasing a f te r  a 90° pulse due to the f i e ld  inhomogeneities can 
be refocussed by a p p l ica t io n  o f a 180° pulse. This produces a signal
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echo. T2 can be determined by measuring the peak amplitudes o f a
series of echoes, and exponentia lly  f i t t i n g  the data to  equation
1.58. This method was proposed by Carr and P u rce ll ,  Meiboom and
G i l l  modified i t ,  hence i t  is known as the CPMG sequence (Figure 
1 .9 ) .  The re p e t i t io n  time o f the s igna l, TR, must however a llow fo r  
the eq u i l ib r iu m  magnetisation to be re -estab lished before the pulse 
sequence can be repeated.
T2* can be measured by recording the signal a f te r  an RF pulse and 
e i th e r  f i t t i n g  the data to equation 1.59 or by measuring the 
frequency bandwidth of the modulus NMR l in e  and using equation
1.60. The modulus lineshape is produced by Fourier transformation
o f the (time domain) s igna l.
1.7 LINEWIDTH AND MAGNETIC SUSCEPTIBILITY
The l inew id th  of an NMR resonance l in e  has two main co n tr ibu t io ns  in 
l iq u id s .  The f i r s t  from the 'n a tu ra l1 l inew id th  determined by the 
transverse re la xa t io n  T2 of the spin system. The second, from the 
dephasing o f the transverse signal components due to  local main 
f i e l d  va r ia t io n s  as nuc le i in d i f fe re n t  parts o f the sample 
experience s l i g h t l y  d i f fe re n t  values o f f i e ld .  These f i e ld
d if fe rences may be due to  va r ia t io ns  in the magnetic p roperties  of
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the m a te r ia l,  characterised by i t s  magnetic s u s c e p t ib i l i t y ,  or due 
to  a non-uniform applied magnetic f i e ld .
Before the NMR linew id th  can be described i t  must be noted tha t the 
NMR l in e  is  comprised of two orthogonal components, dMx/d t  and dMy/d t  
(equation 1 .1 7 .) .  Both components can be detected, and when phased 
c o r re c t ly ,  are known as the absorbtion and d ispers ion mode s igna ls . 
The modulus s ign a l,  which is  the combination o f the two signal 
modes, is  p a r t ic u la r ly  important fo r  imaging. (These terms were 
introduced from continuous wave (CW) NMR.) The l inew id th  fo r  each 
mode is derived below from the Bloch equations (equation 1.17)
As we have seen the Bloch equations in the ro ta t in g  frame describe 
the decay of the transverse magnetisation in terms o f two orthogonal 
components . I f  the cond it ion  yB! « ( T !  T2)-35 then re fe r r in g  to 
equation 1.17 a f te r  the a p p l ica t ion  o f RF pulse yB^
dM, _ T2( H -  <o)
d t T'foj, -  <o)z + 1 , , ,
dM, T;
dt T2(oik - co)2 + 1
Now since w=2itd, and w0 = 2tt-\s0 we can w r i te  the expressions 1.61 in 
terms o f frequency functions ga(v) and gd(v ) ,  which represent the 
absorbtion and d ispers ion mode signals re sp ec t ive ly  (H arr is  1986). 
The re s u lt in g  expressions are shown in equations 1.62. Note tha t 
these are func tions  o f frequency.
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ga(v) -  2Tz_______
1 + 4**T*(v, -  v)« 1>52
ga(v) -  4T«(v« ~ V)
1 + 4tT2T2( vo -  v )2
The absorbtion mode spectrum predicted by the Bloch equations is 
Lorentzian. I t s  f u l l  w idth at h a lf  maximum height is  the 'n a tu ra l '  
l inew id th  v0^ o f the spin system. The modulus spectrum gmod(v) can be 
ca lcu la ted ;
g“ (v) -  i / [g * (v ) ]2 + [g " ( v ) ]2 K53
I t  is more appropria te  fo r  imaging. For chemical s h i f t  imaging i t  
is  convenient to  provide modulus spectra (chapters 5, 6 ). The 
l inew id th  o f the modulus spectrum w i l l  be v / od
v”/ z '  i  1,64
v "  -  1.651/2 WT2
The l ines  may be broadened due to imperfections in the main f i e ld ,  
AB0. Then the l inew id th  has two co n tr ib u t io n s , by analogy w ith  1.60 
and using w=yB the observed transverse re laxa t ion  ra te  Tz* w i l l  be 
determined:
± ~ ±  + I ^  1.66
T* T 2
1 2  1 2 c-
We must consider the magnetic s u s c e p t ib i l i t y  o f the sample x, which 
is the r a t io  o f the magnetic p o la r is a t io n  of the sample to  f i e l d  
strength ;
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Where M is  the to ta l  magnetic moment per cubic metre fo r  an iso la ted  
system of N nucle i w ith  spin I .  I f  the spin system isothermal 
eq u i l ib r iu m  and the temperature o f the sample T.
N|x2I
3kTI
1.68
The sample may be comprised of several d i f fe re n t  nucle i w ith  
d i f fe re n t  s u s c e p t ib i l i t ie s .  There may also be much stronger 
co n tr ibu t io ns  due to  the magnetic moment o f the unpaired e lectrons 
in atoms.
I f  the sample is  a homogeneous mixture of molecules these 
s u s c e p t ib i l i t y  d if fe rences  may be averaged by molecular motions. 
I f  the sample is  an inhomogeneous mixture which cannot be averaged 
by molecular motion s u s c e p t ib i l i t y  w i l l  con tr ibu te  to loca l magnetic 
f i e l d  gradients and consequently broaden the l in e  . As fo r  example 
l in e  broadening o f water in a rock m atr ix .
1.8 CHEMICAL SHIFT AND J - COUPLING
A magnetic f i e l d  Bz applied to a hydrogen nucleus, w i l l  induce 
c i r c u la t io n  of the e lec tron . By Lenz's law of electromagnetism an 
induced f i e ld  is  generated in opposition to the applied f i e ld ,  and 
p roport iona l to  i t .  The r a t io  o f p ro p o r t io n a l i ty  is  the screening 
constant a. The actual f i e ld  at the nucleus Bloc is then;
I f  th is  hydrogen nucleus is  bonded to  another atom in a molecule the 
e lec tron  d is t r ib u t io n  around the hydrogen nucleus w i l l  change as 
e lec trons are required fo r  the bond. This e f fe c ts  the sh ie ld ing  
fa c to r  a, and the actual f i e ld  a t the nucleus Bloc. I f  we consider 
two hydrogen nucle i i , j ,  in a module w ith  d i f fe re n t  environments 
separated by chemical s h i f t  8^ (which is  d imensionless).
8 1j  -  -  V j ) / v 0 l  70
-  O j  -  CT,
Usually chemical s h i f t  5, is  genera lly  quoted in parts per m i l l io n  
(ppm) w ith  the 8 values increasing from zero at low f i e l d .
For proton spectra Tetramethyls ilane (TMS) is  used as a standard 
w ith  8 = 0 .  Resonances at high 8 occur at low f i e ld ,  ( to  the l e f t  
in Figure 1.10), down f i e ld  o f TMS, the hydrogen nucle i are 
"deshie lded". In p a r t ic u la r  e lec tron  withdrawing groups such as 
oxygen, deshield the hydrogen nucleus. For example the hydrogen 
nucle i from the -CH2 group appear c loser to the TMS l in e  than those 
from the -OH group.
Ind iv id u a l l ines  separated by the chemical s h i f t  8 may be fu r th e r  
s p l i t  by the sp in-sp in  coupling constant J. This J s p l i t t i n g  is 
independent o f f i e ld  Bz. I t  arises from the coupling o f hydrogen 
nuclear spins through the covalent bonding. The nucle i can be in 
one of two states a, (3 of s l ig h t l y  d i f fe re n t  energy (section  1 .4 . ) .
Bloc = (1 - a)Bz 1.69
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FIGURE 1.10 CHEMICAL SHIFT SPECTRUM FOR ACETALDEHYDE
Consider, fo r  example, the spectrum fo r  acetaldehyde, Figure 1.10. 
The s ing le  hydrogen nucleus in the -C0H group is coupled to  three 
chemically equ iva len t hydrogen nucle i o f the -CH3 groups. These may 
be in any one o f fo u r  s ta tes, which are aaa, a(3(3 (3 arrangements), 
(3(3a (3 arrangements), (3(3(3. The observed -C0H l in e  is  s p l i t  in to  
fou r l ines  w ith  a binomial d is t r ib u t io n  1 :3 :3 :1 .
1.9 DIFFUSION
Thermal motion in a homogeneous system induces molecular random-walk 
processes which re s u l t  in s e l f - d i f fu s io n .  Typical s e l f - d i f fu s io n  
c o e f f ic ie n ts  in l iq u id  systems at room temperature range from about 
10'5 cm2 sec"1 to  about 10’8 cm2 sec'1 fo r  long chain polymers in 
so lu t io n . (Water D= 2.0 x 10'5 cm2 sec'1).
During the time course o f an NMR experiment the excited nucle i w i l l  
d i f fu s e  from th e i r  i n i t i a l  p o s it ion  through local magnetic f i e ld  
gradients causing loss o f signal by dephasing. This dephasing 
cannot be refocussed by spin or grad ient echoes (section 1.15). For 
a C arr-Purce ll echo pulse t r a in  the signal decays (Torrey 1956), 
according to
A (2 n t /  -  exp(-2nDyzG2t j /3 )  1.71
I f  a gradient is  applied between the 180° pulses the echo a ttenuation 
is  increased. The d if fu s io n  c o e f f ic ie n t  can be measured in th is  
manner. The method normally adopted fo r  the measurement o f s e l f ­
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d if fu s io n  is the Pulse F ie ld  Gradient (PFG) technique as described 
by Karlicek  and Lowe (1980). The PFG echo sequence is  shown in 
Figure 1.11. The r a t io  o f the echo amplitudes is independent o f the 
sp in -sp in  re la xa t ion  time. I f  A0(2t) is  the echo amplitude excluding 
d i f fu s io n ,  and A(2t) is  the echo amplitude inc lud ing  d i f fu s io n  in a 
gradient G, as long as G2 82 A »  G02 t3, G0 is the background s ta t ic  
magnetic f i e l d  g rad ien t.
In A(2t )A0(2t) -y2D82G2( A -  8 /3) 1*72
Where 8 is  the gradient pulse duration and A the time between the 
s ta r t  po in t o f the two grad ien ts . Karlicek and Lowe extended th is  
p r in c ip le  technique to  measure the s e l f  d i f fu s io n  c o e f f ic ie n t  in the 
presence o f a large background grad ien t, using an a lte rn a t in g  pulse 
f i e l d  gradient (APFG). The PFG sequence can be applied to  imaging 
sequence to  give d i f fu s io n  weighted image contrast (Taylor 1985).
1.10 FLOW
In p r in c ip le  the e f fe c ts  o f coherent motion ( f low ) and d i f fu s io n  are 
s im i la r  in the NMR experiment. Consider a spin isochromat moving at 
a v e lo c i ty  V in a d ire c t io n  G. The phase <j> of the isochromat at 
time t j  is  given by;
t
<1> -  G . v t  d t 1 *73
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FIGURE 1.11 THE PULSE FIELD GRADIENT (PFG) METHOD FOR MEASURING
SELF-DIFFUSION
G = Pulsed magnetic f i e ld  gradient
tj=  Time between 90° RF pulse and f i e l d  gradient phase
S= Length o f grad ient pulse
A = Time between s ta r t  po in ts o f the gradients
I f  a spin echo technique, s im ila r  to Figure 1.11, is  adopted, the 
signal phase can be fo llowed d i r e c t ly .  Or the signal echo can be 
measured at 2t as long as the signal a l ia s in g  cond it ion  is  met.
This sets a p ra c t ic a l  l im i t  to the f low  v e lo c i ty  th a t  can be 
measured (Packer 1969). The echo amplitude is dependent on the 
cosine o f the phase angle Packer (1969)
yGvt “  it 1.74
A(2t) = A0(2t)cosyGvt 1.75
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These methods can be adopted fo r  f low  con trast imaging (Moran 1982). 
S tep isnick (1985) gave a f u l l  review o f f low  v e lo c i ty  measurement.
1.11 INTRODUCTION TO NMR IMAGING
An image o f a sample in a s ta t ic  magnetic f i e ld  can be obtained by 
applying time varying magnetic f i e l d  gradients and rad io  frequency 
pulses in a con tro l le d  way to  s p a t ia l l y  encode the NMR s ign a l.  The 
received signal is  d ig i t is e d ,  recorded, and processed to produce a 
s p a t ia l  map (image) o f the signal from the sample. The image 
con tras t can be adjusted by changing the RF pulse t r a in  (and 
magnetic f i e l d  gradients) to make use o f the sp a tia l v a r ia t io n  of 
the NMR parameters from w ith in  the sample. The parameters include, 
chemical s h i f t  cr, re la xa t io n  times Tlf T2, and proton dens ity  p.
The image technique can be considered in two steps, se lec t ion  of a 
s l ic e  through an ob jec t, and subsequently encoding the s ignal from 
th a t  s l ic e  in two orthogonal d ire c t io n s  using the signal phase 
(phase encoding), or the frequency o f the signal (frequency 
encoding). The assembly o f rad io  frequency and magnetic f i e ld  
gradient pulses is  known as an imaging sequence.
1.12 SLICE SELECTION
In a uniform magnetic f i e ld  the resonance condition  can be s a t is f ie d  
fo r  the whole sample by applying an RF pulse at the resonant
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frequency. I f  a l in e a r  magnetic f i e l d  gradient G is  applied the 
resonant frequency becomes s p a t ia l ly  dependent ( f ig u re  1 .12).
I f  the sample is  i r ra d ia te d  w ith  RF ra d ia t io n  w ith  a narrow 
frequency range Aw, a s l ic e  o f proton spins w i l l  be excited 
perpendicular to the applied gradient G w ith  thickness determined by 
the gradient strength |G |. I f  the s l ic e  gradient is  applied in the 
Z d ire c t io n  (Laboratory frame) the s l ic e  thickness AZ is  defined by,
Ag> -  yAzGz 1.77
The rad io  frequency may be applied as a pulse w ith  a modulated 
envelope which has rec tangu lar frequency spectrum o f the w idth Aw. 
A su itab le  modulation shape is  a truncated 3 node sync, weighted 
w ith  a gaussian, e xp (-d t2) to  reduce the r ip p le s  caused by tru nca tion  
o f the sync shape, Taylor and Bushel 1 (1987). The amplitude o f the 
modulated RF pulse is adjusted so th a t the net e f fe c t  is  a 90° t i p  
in the ro ta t in g  frame.
The selected spins now in the X'Y' plane o f the ro ta t in g  frame w i l l  
have a range o f phase due to  the Gj across the s l ic e .  The phase o f 
the spins has to  be re tr ie v e d  by refocussing in the X'Y' plane using 
a gradient o f opposite sense -G* to res tore  the f u l l  s ignal from the 
si ice.
co(r) -  y(Bz + r .  G) 1.76
1.78
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a) RF pulse and Fourier components
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1.13 FREQUENCY ENCODING
I f  a l in e a r  magnetic f i e l d  g radient is  applied perpendicular to  the 
selected s l ic e  the resonant frequency w i l l  be l in e a r ly  dependent on 
the p o s it ion  along the gradient (Equation 1.76). I f  the signal is 
d ig i t is e d  at a sample period d tx the Fourier transformation o f the 
s igna l w i l l  give a one dimensional p r o f i le  o f the o b je c t.  I f  p(x) 
represents the spin dens ity  o f the p r o f i le  o f the s l ic e  along the x 
d ire c t io n  the signal and i t s  Fourier transform are given:
s ( t )
S(a>)
p (x )s (x , t )d x
”  1.79
s ( t ) e x p ( - ia t ) d t x
This basic p r in c ip le  o f NMR imaging was f i r s t  demonstrated by 
Lauterbur (1973). He showed fu r th e r  th a t i f  the g rad ien t was 
ro ta ted  stepwise around the ob ject N times and the s ignals 
c o l le c te d , an image could be reconstructed by 2~D f i l t e r e d  back 
p ro je c t io n .
1.14 PHASE ENCODING
I f  a l in e a r  magnetic f i e l d  gradient is  pulsed on, then o f f ,  before 
the signal is sampled, the signal w i l l  precess a t a fa s te r ,  or 
slower ra te  fo r  a duration  of the pulse depending on p o s it io n  
re s u l t in g  in a l in e a r  s ignal phase gradient along the magnetic f i e ld  
g rad ien t d ire c t io n .  I f  th is  phase d if fe rence  is  tt say, and the 
experiment is repeated N times l in e a r ly  increasing the gradient
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amplitude each time (or the gradient pulse dura tion) the re s u lt in g  
signal sets acquired a f te r  the gradient w i l l  have phase tt, 2tt and so 
on. The gradient steps can be expressed as a func tion  o f the ob ject 
length L ;
Ly Gdt -  2Ntt (-N + l ) / 2 f . . .  (N - l ) /2  1.80
Fourier transform ation w ith  respect to phase w i l l  produce an image 
p r o f i le  along the d ire c t io n  o f the applied d ire c t io n .
These techniques were f i r s t  described by Kumar, Welti and Ernst 
(1975), fu r th e r  developed by Edelstein  et al (1980) to give the 
'sp in  warp' imaging technique.
1.15 GRADIENT ECHOES
I f  we ignore the e f fe c ts  o f d i f fu s io n ,  the signal decays in the 
ro ta t in g  frame as a func t ion  o f T2, according to the Bloch equations. 
However va r ia t io n s  in the loca l magnetic f i e ld  w i l l  cause a more 
rap id dephasing characterised by T2* (Section 1 .8 ).
A spin echo (section 1 .2 .1 .)  can be used to refocus the dephased 
spins. The gradient is an equ iva lent process. I f  a grad ien t G is 
applied fo r  time t € i t  w i l l  dephase the s ignals in the X ',Y ' plane, 
i f  the gradient is  then reapplied w ith  opposite sense -G, the signal 
w i l l  be restored in phase a t the o r ig in a l  p o s it ion  in the ro ta t in g  
frame at time 2tg This technique is  the gradient echo.
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1.16 SPIN WARP IMAGING
The spin warp imaging sequence is  shown in Figure 1.13 , Edelste in  
e t al (1980). The frequency encoding gradient Gx, the phase encoding 
GY and the s l ic e  se lec t ion  e ffec ted  by Gz.
Section 1 allows the s l ic e  to  be selected along the Z d ire c t io n ,  
w ith  section 2 inc lud ing  the refocussing of the s l ic e ,  phase 
encoding GY and prefocussing o f the spins p r io r  to  the read out 
g rad ient echo Gx. Section 3 allows the signal to  echo in the 
presence o f the frequency encoding gradient Gx. This echo is a 
super-pos it ion  o f a Hahn and grad ien t echo. The signal S (r ., t)  can 
be expressed as a func tion  o f p os it io n  w ith in  the s l ic e  and time.
S ( jr , t)  -  P(r ,0 )e xp [- io ) t ]exp [- iY G yYty]
Vs 1.81
• exp[~iYjGx( t)X d t]e xp [- t /T . , ]
Where ty  is  the duration o f the phase encoding pulse, and t s the 
sampling time o f the s igna l,  p ( r ,0 )  represents the spin density  at 
time t=0. The experiment is  repeated fo r  a number o f incremental 
steps N o f Gy. Two dimensional Fourier transform ation o f the 
re s u l t in g  data set w ith  respect to  time steps dt and pseudo time 
steps dn re tr ie ve s  the spin density  image represented by P(X,Y)
P ( x , y )  -  K J J s ( t , n ) e x p [ - i X t G x] e x p [ - i Y nGy)dtdn 1.82
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FIGURE 1.13 SPIN WARP IMAGING SEQUENCE
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The phase o f P contains information about the inhomogeneity of B0 and
chemical s h i f t  o f the n uc le i.  Usually th is  in formation is
discarded, and the modulus o f P is displayed as the image. This is 
important fo r  invers ion recovery imaging which w i l l  be discussed 
la te r .
So fa r  we have considered the fun c t io n  as continuous. The data is 
however d iscre te  cons is t ing  o f an array of N x M po in ts (usua lly  
N=M). The in te g ra ls  are reduced to  summations over a d isc re te  
number o f po in ts N, M.
The basic spin warp imaging sequence can be modified to average each
p ro jec t ion  twice w ith  tt phase change between each 180° RF pulse. 
This removes a r t i f a c t s  from out o f s l ic e  signal co n tr ib u t io n  due to 
the non-se lective  180° pulse.
For a re so lu t ion  o f 128 x 128 p ixe ls  w ith  phase swap and re p e t i t io n  
time (Trep) of 2 seconds the imaging time is 8.5 minutes generating 
16K complex words o f data.
1.17 INVERSION RECOVERY IMAGING
A non se lec t ive  180° x pulse is applied at a time Ti before s l ic e  
se lec t ion  o f a spin warp imaging sequence. This weights the spin 
density  image w ith  l x con tras t. This p r in c ip le  is s im i la r  to  the
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method o f measuring the Tx o f a sample using the Inversion Recovery 
Sequence (Section 1 .6 .2 ) .  However, Equation 1.57 gives both p o s it ive  
and negative s igna ls . For imaging the modulus o f the two phase 
detected s igna ls  is  ca lcu la ted which does not a llow d is t in c t io n  of 
p o s it iv e  from negative s ignals around the zero crossing p o in t ,  where 
t  = Tj 1 i n 2.
1.18 CHEMICAL SHIFT IMAGING
The chemical s h i f t  imaging sequence shown in Figure 1.14 is  s im ila r  
to  the spin warp sequence except th a t the frequency encoding 
gradient is  not app lied . The signal co llec ted  is  a fun c t ion  o f the 
natura l frequency d if fe rences o f the hydrogen nucle i due to  th e i r  
chemical s h i f t  (Section 1 .8 ). The frequency Fourier transform 
produces the chemical s h i f t  spectrum. This spa t ia l  encoding in X is 
e ffec ted  by applying another phase encoding gradient Gx fo r  time t x. 
Resulting in another N sets o f experiments. This lengthens the 
timescale of the experiment considerably. For 64 x 64 reso lu t io n  
Trep = 2.0 seconds, w ith  phase swap o f the 180° pulse, imaging time 
is  64 x 64 x 2 x 2 /  3600 = 4.6 hrs. I f  the re so lu t ion  o f the 
spectra is  128 p ts , 512 K words o f data w i l l  be produced. The 
homospoil gradients e i th e r  side o f the 180° pulse fu r th e r  help to 
remove the out o f s l ic e  s igna l. A th e o re t ic a l  treatment was given 
by Mansfield (1983).
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FIGURE 1.14 CHEMICAL SHIFT IMAGING SEQUENCE
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CHAPTER 2
AN OVERVIEW OF ENHANCED OIL RECOVERY AND PETROLEUM ENGINEERING
2.1 INTRODUCTION
An o i l  re se rvo ir  is  not a vast underground lake. Generally o i l  
e x is ts  in porous rock capped by an impervious layer a t depths o f up 
to 3 km, at temperatures o f 350K and pressures up to  700 bar. The
pore space may occupy up to 40% o f the rock volume and is  comprised
o f pores interconnected in vast three-dimensional con f igu ra t io ns .
The interconnections are formed by c a p i l la ry  channels w ith  rough 
in te rna l surfaces o f order 1 to 100 pm wide, which a llow  transport 
o f f lu id s  through the re se rvo ir .  The rese rvo ir  may occupy several 
hundred cubic k i lom etres .
Generally re se rvo ir  rocks were la id  down in marine sedimentary 
environments as e i th e r  sandstones or limestones. In sandstone the 
m atr ix  may be cemented together w ith  clays (which may swell in s a l t  
free  w ater). Limestone can be a ffected by so lu t ion  and
c ry s ta l l i s a t io n  e f fe c ts .  The pore space i n i t i a l l y  held sa line 
water. This was then displaced by o i l  m igra ting  in to  the pore
space. 10-50% o f the pore space may s t i l l  conta in th is  sa line
water known as 'connate' water which may have high s a l i n i t y  >10%. 
This connate water is probably present as a th in  layer t i g h t l y  bound 
to  the rock surface.
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The o i l  is  produced by d r i l l i n g  down through the con fin ing  layers. 
I n i t i a l l y  the o i l  flows to the surface driven by the excess pressure 
w ith in  the re s e rv o ir ,  expansion of rock, water and the l iq u i f i e d  gas 
d issolved in the o i l .  This 'p r im ary ' production ceases as pressure 
f a l l s ,  having recovered 5-15% of the o r ig in a l  o i l  in place (OIP). 
That which remains is  known as residua l o i l .  In some rese rvo irs  
there may be a fre e  gas cap which expands as the pressure f a l l s ,  
helping to maintain pressure. Generally North Sea rese rvo irs  
operate w ell above t h e i r  bubble po in t (which means, the 'gas' ex is ts  
as a l iq u id  under pressure) in a two phase w a te r /o i l  system.
To recover more o i l ,  water or gas may be in jec ted  at the periphery 
o f the re se rvo ir  to  maintain re se rvo ir  pressure. The in je c t io n  
sweeps the o i l  w i th in  the formation towards the producing w e l ls .  
These 'secondary' recovery techniques can usua lly  recover 35-50% of 
the o r ig in a l  o i l  but requ ire  energy inpu t. For very viscous (heavy) 
o i l s  thermal methods can be used. The o i l  v is c o s i ty  is  reduce when 
i t  is warmed. Two examples are; in - s i tu  burning and in je c t in g  hot 
steam (Archer 1986, Dawe 1978).
Up to  50-70% of the o i l  may remain, trapped by c a p i l la r y  forces at 
the necks ( th ro a ts )  o f the pores, or iso la ted  by in e f f i c ie n t  
v e r t ic a l ,  or ho r izon ta l sweeps. The v e r t ic a l  sweep e f f ic ie n c y  can 
be improved by g ra v i ty  segregation o f o i l  and water, and a tendency 
fo r  the less viscous water to p re fe re n t ia l ly  invade high 
perm eab il i ty  layers, or streaks. The horizon ta l sweep may be
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improved because the in jec ted  water tends to  cusp towards the 
nearest producing w e l l .
T e r t ia ry  recovery techniques can be adopted to  address the large 
proportion  o f remaining o i l .  In these methods the physical 
parameters o f the in je c t io n  water are modified by adding polymers, 
surfac tan ts  and cosurfac tan ts .
In modern re se rvo ir  management programmes the primary, secondary and 
t e r t i a r y  recovery processes become b lu rred , and hence the general 
term 'enhanced o i l  recovery' EOR is  used, when the in je c t io n  
m ateria l (water or gas) is modified to  reduce the res idua l o i l  
sa tu ra t ion . This may occur ea r ly  in the production o f o i l .
The United Kingdom o i l  rese rvo irs  in the North Sea con tinen ta l she lf 
have reached a stage where the to ta l  ra te  o f production is  about to 
enter i t s  dec line  phase. To obtain the maximum be ne f it  from EOR 
processes, i f  they are to be used at a l l ,  they must be applied 
promptly.
2.2 DARCY'S LAW
This law is  o f fundamental importance to qu an t ify  the s p e c if ic  f low  
capacity , or pe rm eab il i ty  of a rock. I f  a rock sample is  100% 
saturated w ith  a s ing le  f l u i d  then the f low  ra te  is d i r e c t ly  re la ted  
to  the pressure drop across the sample AP/L by the absolute
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perm eab il i ty  k. This equation is  analogous to  the equations of 
e le c t r ic a l  and thermal co n d u c t iv i ty ,  and can be derived from general 
transport theory; the ra te  o f transport being p roport iona l to  the 
p o te n t ia l  g rad ient (Archer 1986).
p L
q = f low ra te  cm3/sec
k = pe rm eab il i ty  m i l l id a rc y
AP = pressure drop atmospheres
L = length cm
p = v is c o s i ty  centistokes
A = cross sectiona l area cm2
There are l im i ta t io n s  to  the descr ip t ion  (Crichlow 1977). The most 
s ig n i f ic a n t  are th a t  there is  no chemical reaction  between media and 
f l u i d ,  the f low  is  non-tu rbu len t, and Klinkenburg e f fe c t  does not 
occur. (The Klinkenburg e f fe c t  occurs when the pore s ize approaches 
the mean free  path o f molecules and thus slippage occurs at the 
wal I s ) .
The perm eab il i ty  is  c le a r ly  dependent upon the c o n t in u i ty  o f the 
pore space. However, un fo rtuna te ly  there is  no unique re la t io n  
between the p o ro s ity  o f a rock and i t s  perm eab il i ty . (Except tha t 
i f  the rock has a non-zero perm eab il i ty  i t  must have a non zero 
p o ro s i ty ) .
Rocks subjected to  s im i la r  conditions o f sedimentation may allow an 
approximate re la t io n  to  be drawn, of l im ite d  loca l value (Archer 
1986). The Konzey model (Archer 1986) which re la te s  apparent pore
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diameter or s p e c if ic  pore surface to perm eab il i ty  is  one o f many 
examples.
This dilemma is  important as many o f the NMR methods are pore volume 
probes, not pore th ro a t probes. In o ther words they can determine 
p o ros ity  and using empirica l re la t io n s  achieve qu ite  reasonable 
pe rm eab il i ty  estimates (Kenyon e t al 1986) but cannot at th is  stage 
determine pe rm eab il i ty  d i r e c t ly ,  since the pressure drop has to be 
known.
2.3 MULTIPHASE FLUID FLOW
Consider the f low  o f two immiscible f l u i d  phases, o i l  and water fo r  
example, in a rock m a tr ix . There w i l l  be a pressure d if fe rence  
between the w ett ing  and non w etting  f lu id s .  This a rises from the 
pressure d if fe re nce  across a curved in te r face  between two immiscible 
f l u id s .  For an o i l  drop in water the o i l  phase pressure Po is  
re la ted  to  the water phase pressure Pw v ia  the c a p i l la r y  pressure 
Pew.
The phase pressures are inverse ly  proportiona l to  the radius R of 
the drop and the surface tension. So a pressure d i f f e r e n t ia l  is  
required fo r  a non-wetting phase f l u i d  to displace a w ett ing  phase 
f l u id .  The c a p i l la r y  pressure may be re la ted  to the w ett ing  angle
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FIGURE 2.1 REPRESENTATION OF RELATIVE PHASE PERMEABILITY TO PHASE 
SATURATION FOR A WATER WET SYSTEM (ARCHER 1986)
Y ,  th a t  is  the angle between the f l u id  in te r fa ce  and mineral 
surface.
For p ra c t ic a l  reasons the Darcy f low  equation is  s t i l l  used. The 
e f fe c t iv e  pe rm eab il i t ies  fo r  the two f lu id s  are sa tu ra tion  
dependant,sWu\ Figure 2.1 (Archer 1986). Often re la t iv e  phase 
pe rm eab il i ty  is used which is  the r a t io  o f e f fe c t iv e  pe rm eab il i ty  to 
absolute pe rm eab il i ty . For water the e f fe c t iv e  pe rm eab il i ty  !<e(w)f 
is  given by equation 2.3, w ith  water v is c o s i ty  p* and water phase
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pressure APw.
A k e( w ) APw
q     z • J-1 F/ T*£
At re se rvo ir  cond it ions the system may be in a two or three phase 
equ i l ib r iu m , w ith  o i l ,  water and gas. EOR chemical add it ives  can 
influence the phase de sc r ip t io n  to improve the hydrocarbon recovery. 
(The three phase diagram is  described in Section 2 .5 . )  The f low  
processes are dominated by the in te rp la y  of three fo rces , viscous 
f low , g ra v ity  segregation, and c a p i l la ry  re d is t r ib u t io n  (section 
2 .4 ) .  The c a p i l la r y  number Nc, and bond number are used to describe 
these in te rac t io n s  (Section 2 .5 ) .
2.4 FORCE RATIOS AND FLUID DISPLACEMENT
In a re se rvo ir  rock the d ire c t io n  o f f l u id  flow  through the network 
o f interconnections is  determined a t the pore scale by s u r fa c e - f lu id  
and f l u i d - f l u i d  in te ra c t io n s .  For immiscible f lu id s  th is  process is 
co n tro l le d  by ra t io s  o f viscous, c a p i l la ry  and g ra v i ty  fo rces . For 
m isc ib le  f l u id  displacement mixing (d ispers ion) may occur due to the 
concentration grad ien ts . One o f these forces may dominate depending 
on the nature o f the pore s tru c tu re  and applied pressure grad ien t.
G rav ity  may be important i f  the f lu id s  have d i f fe re n t  dens it ies . 
The r a t io  o f the density  o f o i l  and water is  app. 0 .7 . Generally in 
simulations the g ra v i ty  fo rce  has been assumed to  be n e g l ig ib le .
53
FIGURE 2.2 OIL-WATER INTERFACE IN A THIN WALLED CAPILLARY TUBE 
WHICH IS WATER WETTING
I t  may be s ig n i f ic a n t  f o r  low flow  rates in high p e rm e a b il i ty  
re s e rv o i r s .
C a p i l la ry  forces are h ig h ly  s ig n i f i c a n t .  Consider a th in  c a p i l la r y  
tube which is  water w e tt in g , (water attaches to  the surface in 
preference to  o i l ) ,  con ta in ing  o i l  a t one end, water a t the o ther 
(F igure 2 .2 ) .  Since the water has a stronger a t t r a c t io n  fo r  the 
w a l ls  than the o i l ,  the o i l -w a te r  in te r fa ce  w i l l  become curved, and 
a pressure d if fe re nce  w i l l  occur across the in te r fa c e .  The 
c a p i l la r y  pressure Pc is  defined as th is  pressure d if fe re n c e .
P - P - P - 2yC° A  -  2 i  2 .4G w r R
Where r  is the rad ius o f the c a p i l la r y ,  R the rad ius o f the 
in te r fa c e ,# . the surface tens ion , and 9 the angle o f contact w ith
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the s o l id  surface. The smaller the c a p i l la r y  the greater the 
e f fe c t iv e  p u l l ,  so water is  drawn along the tube.
The flow  ra te  is  r e s t r ic te d  by viscous fo rces, which become larger 
fo r  smaller c a p i l la r ie s .  The pressure drop due to viscous f low  is 
given by P o is e u i l le 's  equation (Munson 1990);
Ap - lEHF 2.5
n r 4
Where Q is  the volume f low  ra te  in the c a p i l la r y ,  L the length. The 
r 4 power ensures the f low  ra te  is  slow fo r  small c a p i l la r ie s ,  §oc
Co^sV ojK
To p ic tu re  the in te rp la y  o f the viscous and c a p i l la r y  forces 
consider a bundle of c a p i l la r ie s  of the same length but d i f fe re n t  
r a d i i  conta in ing h a lf  o i l  and h a lf  water. I f  a large pressure 
change is applied, equation 2.5 dominates and flow  occurs 
p re fe re n t ia l ly  in the large c a p i l la r ie s .  I f  the pressure drop is 
small c a p i l la r y  forces dominate, and f low  is  fa s te r  in the smaller 
c a p i1la r ie s .
In re se rvo ir  displacements the d r iv in g  pressure gradients are small 
o f order 0.1 bar iV1 w ith  c a p i l la r ie s  of order lOjim in diameter and 
f low  30 cm/day, c a p i l la r y  forces dominate (Dawe 1978). For the case 
o f water d isp lac ing  o i l  in a water wet rese rvo ir  the water advances 
p re fe re n t ia l ly  through small c a p i l la r ie s  leaving res idua l o i l  in 
iso la ted  patches.
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The r a t io  of these forces a t the pore scale c le a r ly  determine the 
outcome of macroscopic o i l  recovery. The c a p i l la ry  number NCJ 
derived by dimensional arguments, is  often used to represent the 
viscous c a p i l la r y  fo rce  r a t io  at the macroscopic scale (Archer 1986, 
Dawe 1978).
N -   2 . 6
Y c ° S 0
The term |xD is the Newtonian v is c o s i ty .  The residua l o i l  may be 
p lo t te d  as a fun c t ion  of c a p i l la r y  number fo r  example.
Viscous f in g e r in g  has an important ro le  in multiphase f lo w  a t the 
macroscopic scale. I f  a rock has layers w ith  d i f fe re n t  pe rm eab il i ty  
a low v is c o s i ty  f l u i d  w i l l  fo l lo w  the highest pe rm eab il i ty  route . 
The f l u id  displacement f r o n t ,  or the map o f fu r th e s t  advance o f the 
f r o n t ,  w i l l  show a ' f in g e r '  along the high perm eab il i ty  channel. 
The f ro n t  is  said to be unstable. I f  the v is c o s i ty  o f the f l u id  is 
increased the ra te  at which the f in g e r  grows is reduced. The flood  
f ro n t  becomes more f l a t ,  or s tab le . Thus, increasing the f l u id  
v is c o s i ty  can s ta b i l is e  the f r o n t .
To in te rp re t  viscous f in g e r in g ,  the m o b il i ty  r a t io  M is  defined 
(Dawe 1978).
k  u
M  -  -a ^ °  2 . 7
u. k* w  e o
Where jx0, jj^  are the o i l  and water v is c o s i t ie s ,  and Keo, Kew are the 
o i l  water re la t iv e  pe rm eab il i t ies  respec t ive ly . F lu id  f r o n t
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i n s t a b i l i t i e s  are reduced i f  M> 1.0 (Dawe et al 1985). The m o b il i ty  
r a t io  can be co n tro l le d  by fo r  example, increasing the v is c o s i ty  of 
the in je c t io n  water by adding polymer.
So fa r  th is  d iscussion has been concerned w ith  immiscible 
displacements ( o i l ,  w ate r). In m isc ib le  displacements the c a p i l la r y  
pressure term Pc = 0, as in the case o f polymer so lu t ion  d isp lac ing  
water fo r  example. The e f fe c t  of the m o b il i ty  r a t io  is  s im i la r .  
However, mixing occurs a t the f l u id  boundary, which can no longer be 
ca lled  a f r o n t .  The mathematics o f m isc ib le  f l u id  displacements 
have been developed,(Marie 1981).
2.5 FLUID ENTRAPMENT MECHANISMS
A fte r  o i l  recovery processes, greater than 50% of the o r ig in a l  o i l  
may remain in p lace. The residual o i l  may be iso la ted  in large 
volumes cut o f f  by bypassing, poor sweep e ffe c ts  due to  perhaps 
d i f fe re n t  pe rm eab il i ty  layers and f is s u re s .  O il may be trapped 
m icroscop ica lly  in drop le ts  iso la ted  in ind iv idua l pores.
The microscopic is o la t io n  e f fe c ts  are governed by the in te rp la y  of 
viscous and c a p i l la r y  fo rces. These forces are influenced by 
physical processes, such as the w e t ta b i l i t y  o f the re se rv o ir  rock. 
At the extremes o f w e t ta b i l i t y  the rock may be water or o i l  wet. 
States can e x is t  between these two s ta tes . Real rese rvo irs  can have 
va r iab le  w e t t a b i l i t y ,  in a mottled fash ion. Entrapment mechanisms
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are not well understood and are the subject o f study. One method of 
inve s t ig a t io n  is  the use o f two dimensional glass bead micro models 
w ith  o p t ica l microscopy (Wardlow 1980, Dawe 1985).
To i l l u s t r a t e  these methods two mechanisms w i l l  be discussed: pore 
doublet; and o i l  drop break o f f .
The pore doublet model i l l u s t r a te s  an entrapment mechanism which 
r e l ie s  on the viscous, c a p i l la r y  force in te ra c t io n .  Consider water 
wet grains (Figure 2 .3a), w ith  connate water on the g ra ins . I f  
water is  in jec ted  a t re se rvo ir  conditions w ith  pressure AP, the 
c a p i l la r y  forces dominate and the water flows through the th inne r 
c a p i l la r y  (Section 2.3) reaching a po in t B f i r s t .  An o i l  drop is 
iso la ted  in the la rg e r c a p i l la ry ,  f ig u re  2.3b (Dawe 1978).
Consider a second system (Figure 2.4) where o i l  f i lam ents  are moving 
in a water wet system. To get the o i l -w a te r  in te r fa ce  through the 
neck between the pores a s u b s ta n t ia l ly  greater pressure is  required 
as the radius decreases. The o i l  f i lam en t th ins  a t the pore th roa t 
and can b reak-o ff leaving an iso la ted  o i l  drop. Considerable work 
is  required to achieve a b e tte r  understanding o f how the residua l 
o i l  is  l e f t  behind.
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pore channel radius n sand grains
(b)
FIGURE 2.3 PORE DROPLET MODEL OF FLUID ENTRAPMENT
a) Connate water on the sand grains w ith  o i l  in 
place.
b) The re s u l t  of displacement; an iso la ted  o i l  drop.
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pore th roat
water oil
FIGURE 2.4 OIL BREAK OFF. OIL FILAMENTS MOVING IN A WATER WET 
SYSTEM
2.6 IMPROVED HYDROCARBON RECOVERY
There are several processes which can be used to improve the 
hydrocarbon recovery. These include chemical a d d it ive s ; polymers, 
su r fac tan ts , a lcohols, a lk a l is ,  immiscible or m isc ib le  gases; and 
thermal methods using hot water, steam or in - s i tu  burning.
These processes are genera l ly  co s t ly ,  when applied a t re se rvo ir  
scale. Consider polymer f lo od in g  fo r  example, water is  in jec ted  at 
30,000 m3/day in to  a re s e rv o ir .  For a 500 ppm polymer so lu t io n  15 
tonnes o f polymer would be required per day. To p re d ic t the 
e ffec tiveness of these methods i t  is  important to understand flow  
pa tte rns , and pe rm eab il i ty  streaks in heterogenous rock systems.
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This discussion w i l l  be re s t r ic te d  to  polymers, su r fac tan ts , and 
alcohols and how they mobilise the residua l o i l .
Polymers may be added to increase the v is c o s i ty  o f the in jec ted  
water. This may improve any viscous in s t a b i l i t i e s  in the f ro n t  by 
a lte r in g  the m o b i l i t y  r a t io  (Section 2.4) or d i f f e r e n t ia l l y  reduce 
m o b il i ty  in high perm eab il i ty  layers, leading to improved v e r t ic a l  
sweep e f f ic ie n c ie s .  O il recovery is  dominated by c a p i l la r y  forces 
(Section 2 .4 ) .  Large changes in v is c o s i ty  are required to  achieve 
o i l  m ob il isa t ion  (Archer 1986) through the c a p i l la ry  number. This 
is economically less use fu l, although they may be used as d iv e r t in g  
agents. Polymers are v is c o -e la s t ic ,  showing non-Newtonian 
p rope rt ies . Xanthan sheer th in s ,  and polyacrylamides conversely 
increase in v is c o s i ty  w ith  sheer ra te .  Polymer f loods may su ffe r  
from degradation w ith  time, can be absorbed by clays e tc , and are 
sen s it ive  to  s a l t  concentra tion . The polymer f r o n t  may be d i lu te d  
by cross f low  e f fe c ts  (Dawe 1985).
Surfactant f lo o d in g  addresses the o i l  water in te r fa c ia l  tens ion. A 
change of the order 104 decrease is required to a f fe c t  s ig n i f i c a n t ly  
the c a p i l la r y  number to mobilise res idua l o i l .  Surfac tan t, o i l ,  
water systems at re se rvo ir  condit ions are genera lly  two, or three 
phase in nature. (Archer 1986). Again degradation, in e f f i c ie n t  
sweep, and re te n t io n  are detrimenta l processes. Alcohols can be 
used to enhance the surfac tan t p ropert ies , they are known as co­
su rfac tan ts .
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Figure 2.5 shows an EOR scheme which attempts to hold together the 
su rfac tan t slug, w ith  a viscous polymer d r ive , chased w ith  in je c t io n  
water (Dawe 1985).
I t  would c le a r ly  be useful to  be able to  observe the m o b il isa t io n  of 
o i l ,  and movement o f o le ic  and chemical f lood  banks in an EOR 
process and be tte r  s t i l l  to  'see' the chemical molecules 
s p e c i f ic a l ly  chart th e i r  progress w ith  respect to the f l u i d  banks. 
I t  may be possible to study re te n t io n , cross f low  and degradation 
d i r e c t ly .  These are some of the ob jec tives of applying MRI to  EOR 
processes.
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FIGURE 2.5 AN EXAMPLE EOR SCHEME (DAWE 1985)
The res idua l o i l  is  mobilised by the su r fa c ta n t slug 
which is  shown as enhanced o i l .
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2.7 RESERVOIR SIMULATION AND HISTORY MATCHING
In the development planning o f o i l  f ie ld s  re se rvo ir  s im ula tion  
models are fre qu en t ly  adopted to  p re d ic t production performance. 
These mathematical s imulations are based on a g r id  block model of 
the re se rvo ir  and may be designed to deal w ith  multiphase f low  ( o i l ,  
water, and gas) in a one, two or three dimensional ana lys is . 
S ta r t in g  from e x p l i c i t  data derived from geolog ica l, bore hole and 
rock core plug measurements parameters are a t t r ib u te d  to each 
b lock. Given ru les  o f f low , re la t io n sh ip s  are formulated between 
sa tu ra tion  and pressure as non- l inea r d i f fe r e n t ia l  equations which 
can be solved approximately by computation. A good in tro d u c t io n  to 
th is  subject was presented by Crichlow (1977).
During the l i f e t im e  of the re se rvo ir  the simulation p re d ic t io n s  can 
be compared to  f i e ld  production and pressure h is to ry ,  and the 
d esc r ip t ion  o f the re se rvo ir  model improved, th is  is  known as 
'h is to ry  matching' (Archer 1986).
The use o f core f lo o d  simulators has been l im ite d  by a general lack 
o f knowledge concerning the f l u id  displacement processes w ith in  the 
core.
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2.8 POROSITY MEASUREMENT
P oros ity  is  defined as the r a t io  o f void volume to bulk volume fo r
porous medium. In a rock sample the void space is i r re g u la r .  I t
is  the region between rock g ra ins. This pore space may contain not 
on ly o i l ,  water, and gas, but might also contain clays (which can
swell in non-saline w ate r), or other minerals deposited in
cementation and re c r y s ta l l is a t io n  processes.
Various methods can be used to measure core plug p o ros ity .  The bulk 
volume is  normally determined by c a l l ip e r  measurements or mercury 
displacement in a pycnometer. The pore volume can be determined by 
various methods. Three are mentioned here. The pressure-volume 
re la t io n s h ip  of a gas can be evoked fo r  gas measurement (Boyles law, 
Archer 1986). Mercury can be in jec ted  at various pressures. This 
method allows the pore size d is t r ib u t io n  to be estimated, as higher 
pressure is needed fo r  smaller pores. A th i r d  method; the core may 
be evacuated and water allowed in , and re-pressurised the increase 
in mass determines the pore volume. This method is less accurate, 
but is  one adopted fo r  our measurements. Hence i f  is  the mass of 
water in grammes and L the core plug length, r  i t s  radius in cm then 
4) is  given by.
m^ -    2.8
n r  LPV
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2.9 PERMEABILITY MEASUREMENTS
To measure perm eab il i ty  a core plug has to be subjected to  a f lood  
te s t .  The f l u id  must be contained w ith in  a core plug. Usually a 
rubber sleeve is used and external d i f fe r e n t ia l  pressure is  applied 
in the "Hassler c e l l "  type arrangement. The f l u id  is  in jec te d  w ith  
a pump, volume f low  ra te ,  pressure drop, and output volumes are 
measured. For s ing le  phase absolute perm eability  (i<) measurements 
equation 2.1 is used. Often the phase is  gas. Appropriate 
Klinkenburg correc t ions may be necessary.
For re la t iv e  permeabi 1 i t y  (Kro, Krw) measurements, two phase, o i l  
water displacements are requ ired. Several measurements must be made 
to  determine the values as a func tion  o f sa tu ra tion . The various 
methods can be divided in to  two groups steady s ta te , and unsteady 
s ta te .
Steady sta te  techniques o f fe r  the most sens it ive  measurements, but 
are also most time consuming. O il and water are in je c ted  at a 
p a r t ic u la r  volume r a t io  u n t i l  ou tf low  ra t io  becomes s tab le ; the 
pressure drop is  measured and the o i l  water sa tu ra tions by weighing. 
This determines one p a ir  o f po in ts on the re la t iv e  pe rm eab il i ty  
curves.
Various unsteady s ta te  techniques e x is t  where measurements are made 
ju s t  a f te r  breakthrough. Based on the basic Buckley-Leverett (1942)
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one-dimensional displacement equation, which was modified by Welge 
(1952), explained in section 2.10. I t  is important fo r  these 
techniques tha t the breakthrough po in t can be determined. These 
measurements are dependent on f low  ra te .
2.10 FRACTIONAL FLOW CURVE AND ONE DIMENSIONAL FLOW ANALYSIS
The main points stated here summarise b r ie f l y  the mathematics of 
f l u i d  f low  and one dimensional ana lys is . For a more complete 
d esc r ip t ion  see Archer (1986), Dake (1978).
The f ra c t io n a l  f low  equation is  derived by applying darcy f low  to 
the simultaneous f low  of o i l  and water in one dimension ( Dake 1978, 
Craig 1971).
k k  Ai ro1 + ----------- dP ApgSinQ
d xf  ^ t* o \ / 2.9
w -  _ —
,  * w  r o1+   . -------
K »
Where f w is the f ra c t io n  o f water f lo w in g ;
q w 2.10
k = Perm eability
krw, kro = re la t iv e  perm eab il i ty  to  water, o i l
A = cross sectional area o f core
0Pc/ax = c a p i l la r y  pressure gradient
Ap = density  d if fe rence  o f o i l ,  water
0 = re se rvo ir  angle o f dip from horizonta l
I f  the f low  is  ho r izon ta l the g ra v i ty  term becomes zero, which is
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the case in most labora tory  f lo o d s . For the case where viscous flow  
forces are considerably b igger than c a p i l la ry  forces the numerator 
becomes u n ity ,  and the expression is simply dependant on the 
m o b i l i t y  r a t io .  In displacement experiments the c a p i l la r y  pressure 
grad ien t is  often ignored in th is  manner by in je c t in g  f l u i d  at a 
r e la t i v e ly  high ra te .
The expression describes the f ra c t io n  of water f low ing  a t a given 
sa tu ra t ion  at any p os it ion  in core based on the assumption th a t the 
f low  is d i f fu s e .  This means th a t over any part o f the cross- 
section, the sa tura tions o f o i l  and water are uniform and not 
segregated. The behaviour o f f w(Sw) is known as the f r a c t io n a l  f low  
curve and is  o f the form shown in Figure 2.6.
Buckley and Leverett (1942) analyzed one dimensional f low  and showed 
th a t  the v e lo c i ty  o f a plane o f constant sa tu ra tion  Sw was re la ted  
to  the gradient of the f r a c t io n a l  f low  curve at th a t  sa tu ra t ion .
2.11
Sw
In te g ra t in g  w ith  respect to  time to f in d  the pos it io n  o f a plane of 
sa tu ra tion  Sw, a f te r  a cumulative water in je c t io n  W1f
d x
d t Sw A<|>
x d f «
Sw A t  dS m
2.12
Sw
This expression holds fo r  Swf < Sw < l -S or were Swf as the sa tu ra tion  
at the f r o n t .  I t  describes a sa tu ra tion  p r o f i le  shown in Figure
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2.7. The p r o f i le  is only defined fo r  Swf < Sw < l -S or . From 2.12,
Where sw is  the average sa tu ra tion  behind the f r o n t  up to  the time 
o f water breakthrough a t the o u t le t  end. A tangent drawn to the 
f r a c t io n a l  f low  curve through the i n i t i a l  sa tura tion  ind ica tes  sw at 
f w=l Figure 2.6 and also f ro n ta l  sa tu ra tion  Swf. (Archer 1986)
Welge (1952) demonstrated th a t at any time a f te r  breakthrough o u t le t  
end sa tu ra t ion  Swe can be re la ted  to the f ra c t io n  o f water flow ing  at
the o u t le t  end f we.
dS.
1 ~ f we
s - s
Swe w we
2.14
Johnson, Bossier and Naumann (1959) derived a re la t io n s h ip  between 
the f ra c t io n a l  f low  and ind iv idu a l r e la t iv e  p e rm e a b il i t ie s .
w.ix r 2.15
W.
IP = APi/AP
I r is  the r a t io  o f the pressure drop a t the s ta r t  o f in je c t io n  to 
th a t  measured a t a given f lo od  stage. There are several te x ts  which 
describe ca lcu la t ion s  o f the Buckley-Leverett and Welge analysis 
Craig (1971), Dake (1978).
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FIGURE 2.6 FRACTIONAL FLOW CURVE (ARCHER 1986)
Distance X
FIGURE 2.7 SATURATION VERSES DISTANCE FOR THE WELGE ANALYSIS
(ARCHER 1986)
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2.11 SIMULATION AND VISUALISATION OF MISCIBLE AND IMMISCIBLE 
DISPLACEMENT PROCESSES INCLUDING X-RAY CT STUDIES.
Several methods have been t r ie d  to  v isu a l ise  f l u id  d is t r ib u t io n s  in 
rocks inc lud ing  rad io ac t ive  tracers e le c t r ic a l  p ro pe rt ie s , 
microwaves, and re ce n t ly  MRI and CT. The la te r  method is  expanded 
here.
For a number o f years re se rvo ir  s imulators have been used to  p red ic t 
re se rvo ir  performance. However as more specia lised and e f fe c t iv e  
recovery mechanisms became ava ilab le  these simulators had to be 
modified in the l ig h t  o f improved understanding o f f low  processes. 
An example o f th is  development was the confirmation o f viscous and 
d ispers ive  c ross -f low  processes by s im ula tion  and experimentation by 
Sorbie e t al (1987a). An a r t i f i c i a l  cored core was used made from 
two porous m ate r ia ls  o f d i f fe re n t  pe rm eab il i ty . The in je c t io n  and 
o u t le t  po in ts  fo r  each layer were independent. The f lu id s  used were 
labe lled  w ith  14C and 35Cl to  d is t in g u ish  them, and v is c o s i ty  ra t io s  
of 10:1 and 2:1 o f the in je c t io n  f lu id s  ensured viscous cross-flow  
e ffe c ts  were observed . The work was extended using o i l  (Sorbie et 
al 1987b) and more re cen t ly  w ith  polymer (Sorbie e t al 1988), both 
studies were in cored cores. Simulation methods were reported by 
C h r is t ie  e t al (1987), Soucemarianadin e t al (1987) and Crump (1988) 
fo r  analyzing viscous f in g e r in g  w ith  adverse m o b i l i t y  r a t io s .  
Chemical degradation o f polymers was reported by C l i f f o r d  e t al 
(1985) and chemical slug behaviour by C l i f f o r d  (1988). In these 
studies the d is t r ib u t io n s  o f the f lu id s  in the cores were not known
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as th is  was p r io r  to  the advent o f CT imaging. An ea r ly  
demonstration o f the CT technique was reported by Wellington e t al 
(1985) who showed su rfac tan t induced C02 m o b i l i ty  c o n tro l.  I n i t i a l  
CT studies were also reported by Ringen e t al (1987), Hove e t al 
(1987), and Withjack e t al (1987). I t  was comparatively recen tly  
th a t CT was used to  i l l u s t r a t e  Xanthan f lood ing , Hove e t al (1988), 
and Baardsen (1990) both reported CT methods fo r  core analys is . 
This study o f displacement processes culminated in an experimental 
and s im ula tion analys is  reported by Sorbie e t al (1989) who used 
both la b e l l in g  and CT methods to successfu lly  v is u a l is e  and model 
m isc ib le  displacements in layered systems.
The CT and iso to p ic  la b e l l in g  techniques have been applied to 
labora to ry  scale f l u i d  f low . The re su lts  have been successfu lly  
compared to  s im ula tion  to  describe various processes inc lud ing 
c ross-f low  and viscous f in g e r in g .
However the techniques are l im ite d .  In p a r t ic u la r ,  fo r  CT, contrast 
agents are required which a l t e r  the physical and chemical properties 
o f the f lu id s .  Both the core and f lu id s  absorb X-rays, so the f l u id  
p ic tu re  has to  be derived by subtracting  two images. The re s u l t  is 
an image which is  less se ns it ive  than e ith e r  o f the o r ig in a l  two. 
The advantages o f MRI are; th a t i t  can be molecular species 
s p e c i f ic ,  the re la xa t io n  times o f fe r  a measure o f pore topology, and 
the rock and core holder are not 'seen1 w ith  MRI so the s e n s i t iv i t y  
should be higher fo r  low f l u id  concentrations.
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2.12 DISCUSSION
There are several areas o f petroleum engineering which may be ne f it  
from NMR and MRI techniques, in p a r t ic u la r  core ana lys is , and 
specia l core analys is  fo r  example. Poros ity  measurements are 
remarkably expensive a t a p r ice  o f £500 per core plug. These 
measurements may only be accurate to 1-2% . A simple bulk signal 
measurement by NMR may be more accurate, w ith  a possible high 
through put to  balance the instrument cost. I t  would also be useful 
to  e lim ina te  coring a ltoge the r and analyze whole core sections fo r ;  
( i )  o i l  content, and type ( i i )  water content. This would e lim ina te  
any possib le changes in f l u i d  content during coring . MRI would be 
p a r t ic u la r ly  useful fo r  special core analys is, where the ob ject is 
to  determine re la t iv e  pe rm eab il i t ies  using core f lo o d in g . The f l u id  
d is t r ib u t io n s  could be analyzed fo r  homogeneity. The information on 
sa tu ra tion  d is t r ib u t io n  may improve the accuracy o f such 
measurements.
Probably the most s ig n i f ic a n t  bene fits  w i l l  be in the a b i l i t y  to  
probe the pore scale f l u i d - f l u i d  and f lu id - s o l id  in te ra c t io n s ,  and 
to  be able to determine the d is t r ib u t io n ,  and movement o f more than 
one f l u i d  f low ing  inside the core plug. Further, MRI allows the 
study o f heterogeneous systems.
In p a r t ic u la r  w ith  t e r t i a r y  recovery schemes the a b i l i t y  to  observe 
res idua l sa tu ra tion  changes in complex heterogeneous systems is of
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paramount importance, since l i t t l e  is known o f entrapment processes 
and the e ffec t iveness o f the EOR chemicals in these systems. With 
the extremely high cost o f these schemes precise knowledge and 
understanding is v i t a l .  These processes are o ften physical so th a t 
changing f l u id  d e n s it ie s ,  using doping agents e tc . o f techniques
aS
such X-ray CT may n u l l i f y  the re s u lts .
I t  is  su rp r is in g , since o i l  has such a major ro le  in the world 
economy, th a t the physical processes at the pore scale are so poorly 
understood, and remarkable th a t 50% or more of the i n i t i a l  o i l  in 
place often cannot be recovered e f f i c i e n t l y .
Combining CT imaging w ith  rad ioac tive  la b e l l in g  techniques has had 
a profound e f fe c t  on measuring displacement processes. MRI may 
s ig n i f i c a n t ly  improve on the CT analysis methods.
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CHAPTER 3
APPLICATIONS OF MAGNETIC RESONANCE AND MAGNETIC RESONANCE IMAGING TO
PETROLEUM ENGINEERING
3.1 INTRODUCTION
This chapter w i l l  expand the current th e o re t ic a l  and experimental 
background of magnetic resonance analysis methods applied to 
Petroleum engineering.
3.2 SATURATION MEASUREMENTS AND NUCLEAR MAGNETISM LOGGING
Nuclear Magnetism Logging (NML) is  a method o f measuring water 
sa tu ra tions  down the w e ll bore. To do th is  an NMR too l is  lowered 
down the bore hole o f an o i l  f i e ld  re se rvo ir .  A s ing le  c o i l  a t the 
end o f 1000 metres o f cable generates a magnetic f i e l d  which 
po la r izes  f l u id  protons near the well bore. They re la x  when the 
f i e l d  is  switched o f f .  The NMR signal is  detected in the same c o i l .  
NML was used commercially by Perfo ra ting  Guns A tlas  Corporation in 
1960. I t  became ro u t in e  in 1987 based on the Free F lu id  Index (FFI) 
measurements, H i lc h ie  (1988). The FFI is explained in section 3 .3 .3 . 
Schlumberger-Doll have also had considerable success w ith  NML.
Methods have been reported fo r  determining res idua l o i l  sa tu ra tions 
from water using NML, Robinson (1974). In th is  method the water
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signal was suppressed by doping it heavily.
More rece n t ly  s ta t i c  measurements using 13C NMR by Vinegar (1989) 
success fu lly  demonstrated sa tu ra tion  components and v is c o s i t ie s  of 
o i l s  in a range o f core plugs, w ith  exce llen t r e s u l ts .  The
v is c o s i t ie s  were determined by c o r re la t in g  Tt data w ith  measurements 
made on standard o i l s  o f known v is c o s i ty  using both *H and 13C
experiments. The p r in c ip le  th a t the NMR signal is  p ropo rt iona l to 
the number o f nuc le i was also evoked by Saraf (1967) fo r  his three 
phase study in rocks using nucle i *H and 2H.
The conclusion from a l l  these measurements is th a t  very fa s t  
sampling techniques are required to  quan tify  f l u id  sa tu ra t ion  from 
the amplitude o f the NMR s igna l,  because the large magnetic 
s u s c e p t ib i l i t y  o f some rocks causes rap id  signal dephasing.
3.3 NMR AT THE PORE SCALE
3.3.1 Theory o f Pore Scale Ti re laxa t ion  processes
Consider the pore in Figure 3.1 w ith  surface area S f u l l  o f water
w ith  volume V which has been un ifo rm ly  exc ited. T y p ic a l ly  the pore 
rad ius a ~ l-100|xm. I n i t i a l l y  there are two re la xa t io n  regimes.
The f l u id  in the centre o f the pore relaxes w ith  a c h a ra c te r is t ic  
lon g itu d in a l re la xa t io n  time Tlb. The f l u id  in the boundary layer at 
the rock surface experiences more rap id  re laxa t ion  Tis. This surface
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FIGURE 3.1 SCHEMATIC REPRESENTATION OF AN ISOLATED PORE OF
RADIUS A. TYPICALLY A~l-100ixm.
The pore is f u l l  o f water. The th ickness o f the
enhanced re laxa t io n  layer is  o f order 3-50A0,
represented by the dotted l in e .
re la xa t io n  ra te  may be caused by a) attachment or increased 
c o r re la t io n  time o f the f l u i d  w ith  s o l id  surface (eg. Van der Waals 
fo rces, range ~ 3A°) b) in te ra c t io n  w ith  paramagnetic nuc le i at the 
surface. In case a) the hindered motion causes a wide range of 
in te rm olecu la r and in tram olecu la r nuclear d ipo le  in te ra c t io n  
energies which can induce rap id  re la xa t io n , (section 1 .6 ),  in case
b) the nuclear magnetic d ipo les o f l iq u id  in te ra c t w ith  the strong 
magnetic dipoles o f the paramagnetic e lectrons at the surface. The 
f l u id  can d if fu s e  between these two regions. The mean distance <rz> 
t ra v e l le d  by a molecule in a time t  is given by equation 3.1, where 
D is  the d i f fu s io n  c o e f f ic ie n t ,  (Halperin e t al 1989).
76
For water a t 25°C a molecule w i l l  t ra ve l  55 pm in 100 ms. D if fus ion  
is  a s ig n i f ic a n t  pore scale process fo r
<rz> » 6Dt 3,1
To understand pore scale re la xa tio n  the bounded d i f fu s io n  equation 
must be resolved. Senturia (1970) did th is  fo r  TL re la xa t io n  in a 
pore. His approach involved f in d in g  the boundary cond it ion  to the 
d i f fu s io n  equation using the random walk model, then so lv ing  the 
equation using Bessel func tions . A more complete theory was 
presented by Browstein and Tarr (1974), which w i l l  be ou t l in e d  here.
A parameter p was defined to characterise the strength  o f the
surface re la xa t io n  strength and the thickness o f the f l u i d  layer on 
the surface. The magnetisation o f the pore decays according to 3.2.
dM 9 M—  - Dv M  -  -----  3 .2
d t  T lB
With ft the u n it  normal po in t ing  towards the grain at the pore-grain 
in te r face  w ith  the boundary condit ion
[Dh.vM + pM]surface -  0 3 .3
The so lu t ion  o f th is  equation can be expressed as a sum of normal 
modes.
-  £ A e x p [ - t / r ]  3 .41
With the c o n s tra in t  M(0) = 2n An. Browstein and Tarr (1974) solved
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these equations fo r  simple geometries (sph e r ica l,  p lanar, 
c y l in d r ic a l )  and to  an exce llen t approximation showed the decay time 
Tj to  be governed by
T  T  T± l J15 _ _3 . 5
Tls j a 2/D,  s t r o n g  k i l l i n g  pa/D »1 
I a / p ,  weak k i l l i n g  pa/D  «1
In small pores the weak k i l l i n g  regime dominates the Tt re la xa t io n  
behaviour w ith  d if fu s io n  supplying the walls  w ith  enough protons. 
In th is  case the lowest mode dominates completely g iv ing  a s ing le  
exponentia l decay characterised by the surface to  volume r a t io  o f 
the pore S/V. In the strong k i l l i n g  regime higher modes con tr ibu te , 
the pore re la xa t io n  is not s ing le  exponentia l.
The pore radius a (or diameter d) is somewhat o f an ambiguous 
d e f in i t io n  because o f the f r a c ta l  nature o f the pore (Figure 3 .1 ) .  
However i t  has been reported th a t the surface to  volume r a t io  and 
pore s ize may be re la ted .
m
-i
3 .6
Where the constant m which can be 3 or 2 represents the 'pore 
shape', Halperin (1989).
For a system of d isc re te  pores w ith  a d is t r ib u t io n  o f pore sizes, 
the re la xa t io n  o f the bulk magnetisation can be described by a 
weighted sum of independent re laxa tions  in each pore m u lt ip l ie d  by
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the volume probability density p(a). Assuming that the pore system 
is the weak killing regime.
A^t) - J p (a )e x p [ - t/Tx(a) ]da 3.7
_L - J _  + £lJL 3.8
2*1 TlB m v
(In other analysis the constant M is often absorbed into pJ.The 
inverse of the Laplace transform of the magnetisation recovery 
written in a modified form 3.9 is directly related to the pore size 
distribution function, Halperin (1989). This allows pore size 
distribution to be determined from bulk NMR measurements, by 
inverting the Tt data set obtained, for example by inversion 
recovery.
AJ(t) - A1 (t)exp( t/TlB) 3.9
There are other methods of solving 3.7. Another approach is to 
assume P(a) is represented by a sum of three lognormal distributions 
(Davies 1990a, 1990b) or as a discrete distribution (Gallegos 1987).
The pores are not discrete however. Fluid moves through pore 
throats from pore to pore. As the molecules move through the 
throats they have a higher probability of relaxing. The coupled 
pore model was discussed by Cohen and Mendelson (1982) and modified 
(Mendelson 1982). If the pores are not coupled the S/V ratio of the 
individual pores is given by equation 3.7. However, if the fluid in 
each pore is coupled by diffusion to its immediate neighbours then 
the S/V ratio is dependent on the local diffusion length of the
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fluid inside the rock matrix. Consider the sample divided into 
cubic cells of equal size. The dimension of the cell equal to the 
average diffusion distance of the fluid during the time of the NMR 
experiment. Therefore the ratio S/V found by inverting the NMR Tj 
data set is determined for the diffusion cell, not for the discrete 
pore (Halperin et al 1989). This analysis can be taken further and 
an expression derived for the pore size distribution averaged over 
the diffusion cell, from expression 3.9. Halperin et al (1989) also 
determined the surface relaxation parameter px equation 3.10 where 
V0 and S0 represent the total open pore volume and total surface area 
respectively.
d lln A* (t) 3.10
So dt t-0
3.3.2. Transverse Relaxation at the pore scale
For fluid in a porous rock the transverse, spin-spin relaxation is 
also generally not single exponential. The T2 relaxation times are 
generally quite short compared to Tj values. Browstein and Tarr 
(1979) proposed identical theoretical explanations only with a 
stronger surface relaxation strength p2.
Diffusion also affects spin-spin relaxation. An expression similar 
to 3.9 can be derived for transverse relaxation with diffusion in a
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spatially varying magnetic field gradient vH, Halperin (1989).
Az(t) - exp[ - t/T^expf-Dy2 | vtf| 2 fc3/12 ] 3.11
This assumes unrestricted, or 'classical1 diffusion that is the mean 
square displacement of the molecule grows linearly with time. The 
CPMG method can be used to measure the diffusion coefficient by 
adjusting the time tp between 180° RF pulses (Section 1.9). There 
are two effects on molecular self diffusion in porous rocks i) 
anisotropy of the pore space ii) restricted diffusion length. In 
the former case diffusion is still classical but cannot operate in 
all three dimensions due to the interconnection of the pore space. 
For example diffusion between two narrowly spaced plates would be in 
a two dimensional regime. Experimental measurements, Packer et al 
(1989) showed diffusion in alumina was in a space of order 2 
dimensions. In the later case if fluid was trapped in an enclosed 
pore and the observation time tp was long in comparison to the time 
taken to reach the pore wall then the diffusion is restricted. The 
relaxation observed is of the form 3.12, where b is the size of the 
restriction.
A2(t) - exp[-t/T2]exp[-Y2| vtf|2tjbVl20D] 3.12
At long times this expression becomes single exponential. There are 
three regimes restricted, unrestricted or the case where diffusion 
does not play a role. To resolve which regime the system is in 
measurements may be made at different fields. Assuming the local 
magnetic field gradients arise from magnetic susceptibility 
differences A% between the rock and fluid, and paramagnetic material
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randomly distributed in the rock |vH| is linearly dependent on 
field. Comparing 3.9, 3.11 and 3.12 for restricted diffusion the 
relaxation time T2 a FT2, for unrestricted a H'2/3 and much less 
dependent on field if diffusion does not play a role (Halperin et al 
1989). Packer (1989) reported unrestricted diffusion in adtrmina, 
with a narrow pore size range. Halperin et al (1989) found 
unrestricted diffusion in 3 out of 5 sandstones, and some restricted 
diffusion for the remaining 2.
A more thorough theoretical and experimental analysis was presented 
by Kleinburg (1990). The theory accounted for the effects of bulk 
relaxation, surface relaxation, internal magnetic field gradients, 
restricted diffusion and explicitly the distribution of pore sizes. 
Grain-surface relaxation was influential at low magnetic field 
strength and short inter-pulse times tp. At higher field, and 
longer inter-pulse time tp diffusion was more effective. In 
contrast to other work the experimental data was dominated by 
restricted diffusion. A large discrepancy, a factor of four, was 
reported between the expected and actual magnetic susceptibility 
difference Ax between the two media. The difference was not 
resolved.
Clearly there is more work required to resolve local susceptibility 
effects in porous media.
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3.3.3 Porosity and Permeability Measurements by NMR
The water content of a saturated porous rock is a good measure of 
porosity. The NMR signal is proportional to the water content, and 
can be used to measure porosity (Edelstein 1988). For rocks with 
high magnetic susceptibility, the resulting, very fast Tz* rates need 
ultra fast solids NMR techniques.
Seevers (1966) measured permeability of cores using NMR Tj 
measurement and porosity.
;c „ _— 3.13 
(,Tb - q ) 2
Where ll is the observed relaxation time, TB the bulk fluid value. 
This method was improved, and an alternative was proposed by Timur 
(1969). Both were based on a triple exponential fit. The pore 
space was divided into 3 groups A, B, C (on the basis of surface to 
volume ratios). The free fluid index FFI3 was derived as the amount 
of moveable fluid determined by NMR occupying proportions A, or A 
and B of the pore space. In the first method expression 3.13 was 
attributed to each section of the pore space A, B, C and the three 
components added together. The second method was based on equation 
3.14 by relating Swr to 1- FF13/4>•
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For a range of samples where one method failed the other was
satisfactory.
An extensive study was mounted by Kenyon et al (1986) who found TjZ 
<f>4 to be a better estimator of permeability than 4>Tj2 of Seevers 
(1966). Only recently was a more theoretical explanation offered 
for relating permeability to Banavar (1989). Calculations were 
presented based on the grain consolidation (GC) and shrinking bond 
(SB) models of porous media. For the GC model the 'rock' is
considered as a pack of spheres (grains) radius R0 which grow 
uniformly. In the region where they overlap the 'grains' are 
truncated. The pore space is the region between the grains. In the 
SB model the pore space is represented by a cubic array of pipes 
with a distribution of radii. Different porosities are achieved by 
randomly reducing the radii of the tubes. The laboratory 
measurements and calculations show excellent correlation between
permeability, porosity and NMR relaxation data.
3.3.4 Surface to Volume Ratios and Pore Size Distributions bv NMR
One of the difficulties of using NMR to determine pore size
distributions is calibrating the technique. Various methods exist 
for determining pore size. Mercury porosimetry is the standard 
approach, where the volume of mercury that can be injected is
measured for various injection pressures. Pore dimensions can be 
taken from electron microscope images. Boyles Law methods can also 
be used. In these experiments the core is placed in a container of 
known volume containing a gas, by compressing the gas at constant 
temperature and measuring the pressure the volume occupied by the 
gas (which is the volume of the container minus the volume of the 
rock grains) can be calculated since PV is a constant. (Pore size 
can also be inferred from V0/S0 measurements made by NMR, section 
3.3.1). Halperin (1989) found that measurements made by the various 
techniques did not agree with each other. The question remains what 
should be used to calibrate the NMR pore size measurements. Similar 
experiments were conducted by Gallegos et al (1987), comparing NMR 
pore size distributions with mercury porosimetry. They reported 
good fits to narrow distributions. Davies et al (1990a) reported 
NMR pore size distributions from nine core plugs representing them 
as sums of three log normal distributions they report lower 
sensitivity for large pore sizes. This is to be expected. Recently 
the problems of identifying multi-model distribution in relaxation 
data has been addressed by Brown (1991).
Attard (1991) measured 3-dimensional pore size distributions by 
using imaging methods to determine 3-dimensional Tj maps.
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3.3.5 Wettabi1itv
Wettability is a measure of the 1 iquid-surface attraction. This is 
closely related to the correlation time and the surface relaxation 
strength.
As early as 1956 this effect was exploited by Brown and Fatt (1956), 
who demonstrated a linear relationship between the bulk relaxation 
rate Tx and the ratio of oil wetting to water wetting sand in packs.
Williams and Fung (1982) showed was not a good measure since it 
was dependent on the magnetic properties of the surface. However 
the Tlp measurements of quadrupolar deuterium nuclei depend directly 
on the amount of hydrocarbons on the solid surface. This 
alternative method was preferred.
3.4 MAGNETIC RESONANCE IMAGING APPLICATIONS TO PETROLEUM 
ENGINEERING
This section outlines the work to date reported on MRI of fluids in 
porous rocks. A good review of this literature was recently 
presented by Chardaire et al (1990).
Rothwell et al (1985) showed an image of water in Berea Sandstone. 
The following year Blackband et al (1986) demonstrated 
discrimination of oil from water in sandpacks using the steady state 
free precession technique SSFP with different inter pulse t times.
86
The results were not particularly sensitive or accurate, and the 
method has not been reported since. Baldwin and Yamanashi (1986) 
used Mn2+ ions to destroy the water signal to image oil distributions
in rocks. Later that year Hall and Rajanayagam (1986) demonstrated
chemical shift imaging for discriminating dodecane and water in
Berea sandstone. Maerefat (1986) reported discrimination of one 
fluid from another using inversion recovery imaging. This method 
was combined with phase encoding for 3-D imaging by Hall and 
Rajanayagam (1987). Chen et al (1988) used Ni2+ ions to suppress the 
water signal. They were able to deduce the fractal dimensions of 
the fluid in the pore space from the image data during drainage and 
imbibition cycles. A key paper by Edelstein (1988) reported the use 
of actively shielded gradients for imaging fluids in rocks with echo 
times less than 5 ms. Excellent quantitation of porosity was 
reported in bulk and from images. Chemical shift and inversion 
recovery methods were discussed and illustrated by experiment. Also 
C13 spectroscopy was suggested for oil determination in shaley rocks. 
Chemical shift imaging of oil displacement in porous media was
reported by Majors et al (1989) and Williams et al (1990). A 
significantly improved chemical shift method was demonstrated by 
Horsfield et al (1990), this method is considerably better than 
previous attempts. The method does not rely on line fitting the oil 
and water lines, so it is less sensitive to the magnetic 
susceptibility of the cores. It achieved better quantitative 
results.
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3.5 CONCLUSION AND OBJECTIVES OF FUTURE WORK
Considerable effort has been addressed to the relaxation properties 
of fluids in rocks. The single phase studies reveal porosity and 
structure in the rock, however there appears to be a limit to the 
resolution of the porosity distribution that can be achieved. The 
understanding of two phase relaxation properties in rocks is 
complex. To achieve quantitative measurements of oil and water a 
better understanding is required. It is also essential to know the 
effects of magnetic susceptibility on these results.
Several MRI methods have been reported which can distinguish a 
single phase or one phase from another in rocks. These methods 
include using doping agents, inversion recovery (TL contrast), 
chemical shift and nuclear substitution. However unlike the CT 
methods MRI techniques generally have not been used to address the 
specific petroleum engineering problems of fluid flow. This is 
probably because of a lack of understanding between the two research 
fields MRI and petroleum engineering. There are a number of key 
petroleum engineering questions that can addressed by MRI. In 
particular in tertiary displacement there is no apparent knowledge 
of the distributions of the chemicals within the various solutions. 
MRI can be molecular species specific. This would be a clear 
application of the method. Further, since rock does not give a 
detectable image signal MRI should be able to distinguish fluids in 
rocks better than methods which 'see1 the rock like CT for example.
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Another limitation of X-ray CT is that the range of fluids which can 
be used is restricted since doping agents are needed to distinguish 
one from another (Sorbie et al 1989). MRI would be particularly 
useful for observing force ratios at work inside cores during 
displacements as the fluids do not necessarily need to be doped.
The key piece of information missing from the MRI studies so far is 
NMR data on the various fluids: oil, water, and tertiary chemicals 
inside a range of core plugs. This information is essential before 
decisions can be made on the development of MRI applications, and 
the limitations of these techniques for following EOR processes.
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CHAPTER 4
EQUIPMENT AND PRACTICAL TECHNIQUES
4.1 NUCLEAR MAGNETIC RESONANCE INSTRUMENT
Over the past few years the MRI system utilised has been upgraded in 
several stages. The arrangement of the latest version is 
illustrated in Figure 4.1. The specification is given in Appendix 
1. The system is based around a 7" horizontal bore magnet at 0.4 
Tesla. The equipment was first described by Bushel 1 (1985). The 
magnet, gradient power supply, RF amplifier, pre-amp, RF cables, and 
frequency synthesizer have not changed since then. For a short 
spell an Apple Apricot computer was used to drive the complete 
system. This was exchanged for a BBC computer and pulse controller 
which were installed as 'computer 1' with the Apricot as 'computer 
2 . The pulse controller was designed at the University of Surrey 
(Tingle 1986). In 1987 the system retained the original transmit, 
receive spectrometer system described by Bushel 1 (1985). However 
the spectrometer was liable to haphazard failure due to previous 
poor maintenance and was inflexible. To change the filter bandwidth 
for example took several hours. Also the pulse controller was 
noisy, which caused irregular output pulses, which gave gradient 
control variations. Construction and implementation of sequences 
was a slow process.
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FIGURE 4.1 IMAGING SYSTEM SIMPLIFIED DIAGRAM.
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In December 1988, a new spectrometer console MR2000 was installed 
with its own Tandon AT IBM compatible computer supplied by SMIS. 
The Apricot computer ran with Fortran software, the new system was 
programmed with 'C'. The increased processing power provided by the 
Vector 32 and data capture card DC32/10 allowed the development of 
64 x 64 chemical shift imaging, which requires 6 MByte of data space 
for image reconstruction.
The problems outlined with the sequence controller were now limiting 
system performance. It was very frustrating to work with. However 
by March 1989, much of the core processing analysis and display 
software had been written for 'computer 2' by Lucas allowing ID CSI 
and 2D CSI, bulk measurements and plotting facilities changing echo 
time, delays and modifying image sequences with 'computer 1' was 
arduous. Also gradient glitches were devastating CSI performance. 
Clearly the BBC computer and pulse controller had to be changed.
In January 1990 the sequence controller was upgraded with a pulse 
programmer from SMIS. This system comprised a Packard Bell computer 
with an MR3010 and two MR3030 boards. This system replaced 
'computer 1' and is still in use. A complete set of sequences had 
to be written, including; non-selective and selective pulses; CPMG, 
IR sequences for bulk NMR, Hahn and gradient echoes, ID CSI, 2D CSI, 
SE (spin echo), IRSE, phase swapping techniques, and homospoil 
gradients.
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The upgrade solved the problems with gradient 'glitches' and was 
flexible. New sequences have been rapidly developed and implemented 
since then.
In the future the two computers will be combined with a new software 
'windows' environment. Further improvements to the Vector 32 memory 
increasing it from say 32 KByte to 8 MByte would allow 2D CSI images 
to be processed in memory rather than the current approach involving 
the hard disk. Further improvements are required to increase 
performance to allow a wider range of rock samples to be 
investigated. The sampling speed should be increased from 20p,s per 
point to l-2|xs per point. The eddy currents generated in the 
gradient set (and RF shield) limit echo times. The eddy current 
time scale was measured for the 0.4T system by pulsing a gradient X, 
Y or Z then allowing a time delay before a short 90° RF pulse, 
signal capture and fourier transform. Starting from long delays (2 
seconds) the time delay was reduced until the amplitude of the FT 
line started to decrease. For X, Y, Z the delays were 15, 30, 0.75 
msec respectively. Modern actively shielded gradient designs have 
been reported with eddy current time scales as short as 0.3 msec, 
(Edelstein 1988). Shielded gradients are being investigated. From 
a signal to noise point of view raising the field from 0.4T to the 
maximum of 1.5T would be advantageous, since the population 
difference is field dependent (equation 1.36).
During 1989 and 1990 various coil designs were implemented for the
93
work (Section 4.6). Some of the most important experimental 
difficulties that had to be resolved were, flow rig design, core 
saturation and desaturation techniques, obtaining pipes and pumps of 
the correct specification and developing correct experimental 
procedures from a petroleum engineering stance. These points are 
described in the rest of this chapter.
4.2 IMAGE PARAMETERS
The imaging parameters are carefully chosen depending on the imaging 
technique and the rock parameters (table 4.1). Clearly the sequence 
repetition time TR depends on the longest Tx which is rock dependent. 
Some samples have Ti = 100 ms; so that TR « 3Ti = 300 ms. Other rocks 
have Tj = 1150 ms requiring TR = 3.4 seconds for 3Ti. For most 
accurate measurements one uses Tr = 5^ this would give long imaging 
times, 3Ti was selected as a reasonable compromise.
The rock linewidth is central to the frequency bandwidth and 
sequence selection. This may be illustrated by using chemical shift 
imaging as an example. For chemical shift imaging a 500g,s per point 
ADC sample rate gives a 2 kHz band width. The image data is given 
a 500Hz offset by incrementing the frequency from on resonance for 
transmission of RF pulses to resonance + 500 Hz for detection of 
signal. The centre of the spectrum will be 500 Hz away from 0 Hz. 
Only a quarter of the 512 points that were sampled are displayed 
from the FFT data set. The offset of this data set is 250 Hz from
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0 Hz. That is the spectrum now ranges from 250 Hz - 750 Hz. The 
filter bandwidth set at 1 kHz minimises folded back noise from 
frequencies outside the range ±1 kHz. Figure 4.2 shows this 
pictorially.
This particular chemical shift imaging technique is limited. Rocks 
cannot be used which have linewidths greater than the separation of 
the oil, water lines. The separation at 0.4T is 60 Hz (3.5 ppm) 
which corresponds to a T2* of 9 msec (equation 1.66). The method has 
some application to limestone cores in particular Portland limestone 
(Table 5.3).
For normal frequency encoding the image bandwidth and sample rate 
are determined by gradient strength. Increasing the 'read-out* 
gradient broadens the frequency width of the image, which 
necessitates a broader frequency bandwidth and faster sample rate. 
Broadening the filter bandwidth increases the noise contribution 
degrading image signal to noise. The reason for increasing the 
read-out gradient is to achieve the required image resolution. For 
example, if the rock linewidth is 1 kHz, to distinguish one point 
from the next requires a gradient which gives a frequency change of
1 kHz per pixel. For 128 pixels this is 128 kHz, or a 30 gauss per 
centimetre gradient. This is impractical, it would give poor signal 
to noise and gradients 12 times the strength of existing system. 
Under these circumstances, accepting a reduction in resolution is 
necessary. Adequate results are achieved with 20 ps sample rate and
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20 kHz bandwidth (Figure 3.3). In summary the resolution is 
determined by the linewidth of the fluid in the rock matrix.
The dimensions of the image are defined by relative X, Y gradient 
strengths. These were set up by imaging phantoms of known 
dimensions and correcting the gradients if necessary.
Chemical shift imaging is particularly dependent on the field 
uniformity which was adjusted by shimming on a distilled water 
phantom 1" diameter 47 mm long. Linewidths of less than 0.3 ppm 
were achieved.
4.3 SATURATION AND DESATURATION TECHNIQUES
The dry cores were weighed. Saturation of the cores was achieved by 
placing the core in a desiccator and pumping down the assembly to 
approximately 1.5 x 10'1 Torr. The saturation fluid was added until 
it completely covered the core. The pressure was then released. To 
achieve full saturation the core was left under liquid for a time 
dependent on its permeability (2 minutes to 24 hours). The core was 
removed and the surface blotted to remove excess water. The weight 
of the core was recorded and monitored to check fluid loss.
For partial saturation fluid front imbibition (increasing wetting 
phase saturation) the core was removed from the fluid earlier. To 
desaturate the cores a Centaur Centrifuge was used running at 2200
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rpm (approx). The core sample was placed in one of four centrifuge 
tubes and the tube packed with glass beads. The beads support the 
core and allow space for the fluid to drain when the sample is spun. 
The rotor was balanced with water filled tubes. The amount of 
spinning time required to desaturate the core (to Swi) was 
investigated by weighing and re-spinning the sample. A plot of the 
spin time versus residual fluid mass was drawn up to calibrate the 
system. It was found that the irreducible water saturation (Swi) 
was achieved by spinning the sample core for 3 hours at 2100 -> 2500 
rpm.
It was apparent that vacuum saturation techniques were not 
sufficient for putting 200 centi-stoke (cst) polymer solutions into 
30 millidarcy rock core plugs.
Wykenham - Ferris triaxial pressure cell equipment was used from the 
soil mechanics facility, Department of Civil Engineering, University 
of Surrey. It had to be modified to accept 1" diameter cores. This 
equipment allowed an external confining pressure of 10 atmospheres 
to be used on the core (surrounded by a latex rubber tube). The 
core plug was subjected to flow along its length with driving 
pressure drop of up to 8 atmospheres. Pressure and volume flow 
measurements allowed the Darcy flow equation to be evoked so that 
the core plug permeabilities and polymer viscosities (polyacrylamide
10,000 ppm asw ~ 200 cst) could be verified.
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In all cases the amount of fluid in the core plug and the core plug 
porosity were determined by weighing and calliper measurements 
(equation 2.8). Allowance was made for fluid density, for example 
the ratio of oil to water density is approximately 0.7.
4.4 CORE PLUG FLOW CELL DEVELOPMENT AND SAMPLE HANDLING
For bulk core plug measurements, not requiring flow experiments, the 
core plug was left under the saturating solution until it was 
required then surface dried with paper and wrapped in cling film. 
Since relaxation times are temperature dependant core plugs were put 
in the magnet to equilibrate for an hour or so before accurate 
measurements were made. (Bore temperature ~ 17°).
For flow experiments the core has to be encased, with pipe 
connections on each end. In 1989 the first trials were attempted 
with a rubber sleeve, 3 mm thick and perspex end caps. The imaging 
experiments soon showed that fluid bypassed the core plug when 
injection was started.
The next material used was internally sticky heat shrink. The same 
end caps were used as before. This system was cheap, and easy to 
use, and worked well for water based floods. Unfortunately oil 
dissolved the heat shrink, so that the early dual split core 
experiments were unsuccessful (Section 6.4). However the method was 
used for all the miscible displacements in chapter 7 and also for
100
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FIGURE 4.4 FLOOD RIG AND SAMPLE HOLDER
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the glass bead pack model system. A diagram of this arrangement is 
shown in Figure 4.4. The heat shrink material was supplied by 
Integrated Technology Resource (ITR) Limited, Llandudno. It is also 
available from some electronic component distributors.
To overcome the problems with oil two methods have been developed. 
The first is the use of araldite used as an outer layer around the 
rock, holding on the two endcaps. This works well as the araldite
adheres to the surface, but its high viscosity prevents deep
penetration. The technique was used for Section 6.7. The system 
has been assembled successfully in the laboratory.
The best method however employs perspex. It is possible to bed 
cores in perspex and machine the surfaces and end plates. (Soft 
rocks like Lochaline may be destroyed in the process). Both Shell 
KSEPL Koninklijke, Rijswijk, Holland and AGIP Core Laboratories 
Milan, Italy are able to make such systems. A drawing of the AGIP
prepared sample is shown in Figure 4.5.
The latest development is the re-useable flow cell designed by 
Enwere, Imperial College, and Lobos, ITR. The cell requires a 
confining pressure supplied by a liquid usually D20 and uses the 
Hassler cell principle, (Archer 1986) Figure 4.6.
With all the flow cell rigs quantitative mass measurements are 
difficult, because there is always some space between the endcaps
102
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PORTLAND LIMESTONE CORE PLUG FLOW CELL PREPARED BY AGIP 
CORE LABORATORIES. MILAN. ITALY
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and the core plug. It is difficult to measure this volume. Also 
the fittings leave gaps. Some grooves are cut on the inside face of 
the end cap to allow the fluid to distribute on injection face to 
give more parallel flow. However, this gives more uncertainty in 
open volume. All these spaces contain fluid during a flooding 
experiment and as they cannot be accurately measured, the masses of 
fluids inside the rock plug cannot be determined by weighing the 
flow cell. Further the strong signal from fluid in the end space 
compared to the ~20% water content of the rock can 'saturate' the 
image and cause artifacts.
4.5 PUMPS AND PIPES
The flow cells were linked to pumps and volumetric measuring
equipment with non magnetic pipes and plastic fittings. Suppliers 
of this specialist equipment are given in Appendix 2. The syringe 
pump was programmable from 0.1 cc/hr to 99.9 cc/hr, and was
essential, most syringe pumps do not have variable control rate.
Over the years the system was developed to include pressure
measurement across the core, and volumetric outflow measurements.
It is important that inflow and outflow points are level to avoid 
syphoning effects.
The layout of the pipe work is shown in Figure 4.7.
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4.6 COILS
Coil design is central to performance of the NMR imager. Originally 
the solenoid coil was made to an optimum specification suggested by 
Hoult (1976). Initial transverse images using coil 1 were good. 
Some useful work on desaturation experiments was conducted with this 
coil (Section 6.4). However, longitudinal experiments showed that 
the coil length was insufficient imaging only 30-50% of the sample 
length. Coil 2 was designed with an increased number of turns, it 
worked well. Profiles along the core of a uniform sample were quite 
flat (Figure 6.2(a)). However the large number of turns increased 
coil inductance significantly, so much so that the tuning capacitor 
had to be made from two plates 1 cm2 in sizes % mm apart, (of the 
order of 1-5 pF). Eventually less turns and wider coil spacing was 
adopted, coil 3. The parameters of these coils are given in Table
4.2. Various developments have influenced the arrangement of tuning 
capacitors and bed design. Figure 4.8 shows a photograph of the 
current arrangement. Coil tuning networks were fitted inside the RF 
cage in the magnet, with the probe backplate making the final part 
of the cage. This layout was optimised to minimise noise.
For measurements of relaxation times and other bulk properties of
VejrV\(j&\
the fluids the small 8 mm coil was preferred. It has gas flow 
temperature control fitted with a temperature control unit. 
(Figures 4.9 and 4.10).
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COMPARISON OF SOLENOID DETECTION COILS
TABLE 4.2
Coi 1 1 Coil 2 Coil ;
Length 25.4 mm 79 mm 80 mm
Internal diameter 32 mm 38 mm 38 mm
No. of turns 6 17 7
Wire size (enamelled) 1 mm 1 mm 3 mm
Removable former Yes No No
Max. object diameter 30 mm 34 mm 33 mm
108
47mm Water phantom Example Flow rig
core containing
a core
FIGURE 4.8 PHOTOGRAPH OF RF COIL 2 AND SAMPLE BED ASSEMBLY
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CHAPTER 5
THE MAGNETIC RESONANCE PROPERTIES OF FLUIDS USED IN ENHANCED OIL
RECOVERY
5.1 INTRODUCTION
In this chapter the magnetic resonance properties of the fluids and 
their interaction with the rock matrix are described. The objective 
of this section of the work was to identify NMR parameters which 
could be used to distinguish the various fluids of interest in rock 
cores, and the effect of different rock types on this 
discrimination. Relaxation measurements were made on fluids in 
bulk, outcrop rocks with single phase and some two phase 
saturations. Some model rock systems were also investigated.
To quantify image data a control or reference sample is required 
with known water content and relaxation characteristics. In the 
literature several model systems have been developed to mimic the 
NMR behaviour of fluids in biomedical systems. This approach can be 
extended to water in a rock matrix. In the later part of this 
chapter a new model system is described and tested.
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5.2 BULK FLUIDS
The fluid samples were analyzed in 8 mm diameter flat bottomed tubes 
made by the glass blower's workshop at the University of Surrey.
A coil and bed arrangement was specifically designed and built for 
these experiments with a temperature controlled environment and heat 
controlled gas flow. Details are given in section 4.6.
The results of relaxation time measurements are shown in Table 5.1. 
Measurements were made using the CPMG and inversion recovery 
techniques for T2 and Jx relaxation times respectively (section 1.6). 
The data was fitted using a weighted least squares line fitting 
technique.
The results show that the addition of the polymer, surfactant, 
alcohol and brine salts at these specified concentrations has a weak 
effect on the Tx and T2 relaxation times of the water protons. The 
relaxation rates of the oils are significantly different from water, 
and are strongly dependent on the oil viscosity.
It was clear that the tertiary chemicals, alcohol, polymer and 
surfactants would not be distinguishable in rocks unless either the 
concentration was significantly increased or water lH nuclei were 
substituted by 2H (deuterium D) nuclei. The second option replacing 
H20 with D20 had the advantage that the chemical shift spectra of the
113
RELAXATION TIMES L  AND To FOR BULK FLUIDS IN 8 MM SAMPLE TUBES
TABLE 5.1
T/ms T2/ms T/°C
Disti1 led water 2820 1950 18.4
Polyacrylamide 243 ppm 2350 1700 18.7
Xanthan 400 ppm 2040 19.0
Dodecylbenzenesulphonate 2% 2160 1560 17.6
Butan-l-ol 1% 2190 1690 19.5
Brine 10% BDH 331533P 2310 1700 18.7
n-decane 1140 403 18.8
Light paraffin < 30cs BDH 294365H 111 101 20.2
Heavy paraffin < 64cs BDH 294375J 33 18 18.6
+ WOMIO 10cst/40°C 119 99 17.2
+ W0M18 18cst/40° 71 59 17.1
+ W0M40 39cst/40° 43 30 18.0
+ W0M65 70cst/40° 35 21 17.8
+ Oils supplied by Integrated Technology Resources Limitei
Llandudno.
Estimated error +. 3% of and T2 values.
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RELAXATION TIMES OF TERTIARY CHEMICAL IN D,0 IN BULK
TABLE 5.2
Solution in D20 NMR Spectrum L/ms
CH*
H,0 1 ch2 = 72 ms
2% NaDBs
x ] \ j
\ CH = 120 ms
H20 = 6.5 Seconds
1% Butylalcohol
HiO 
CH
CH3(CH2)2=2.8 Seconds 
H20/0H =6.5 Seconds
1% Polyacrylamide
-(CHz)n- = 20 ms 
H20 = 6.5 Seconds
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tertiary chemical molecule became apparent.
The chemical shift spectra of butylalcohol, polyacrylamide and 
sodium dodecylbenzenesulphonate (NaDBs) in D20 are shown in Table
5.2. These experiments demonstrated the sensitivity was quite 
sufficient to identify specific groups within the molecules notably 
aliphatic (CH2CH3) at the far right (1 ppm), water and hydroxyl 
groups (H20/0H) centre (4.7 ppm), and aromatic !H far left (7 ppm). 
The Tj relaxation times of various groups in the tertiary chemical 
molecules are given in Table 5.2.
5.3 FLUIDS IN POROUS MEDIA
Initially the susceptibility of a range of outcrop core plugs 
supplied by Imperial College were studied. The core plugs were 
vacuum saturated with water (Section 5.2), surface dried with 
absorbent paper and wrapped in cling film. Coil 2 was used for the 
measurements (Section 5.5). The results of the line width 
experiments are shown in Table 5.3.
From these results Portland Limestone and Lochaline Sandstone were 
chosen to demonstrate a variety of imaging experiments of miscible 
and immiscible systems, because these core plugs showed low 
susceptibility broadening. The line widths show a wide range and is 
a feature of fluids in rocks Edelstein (1988), Hall (1986). The 
susceptibility line broadening was attributed to the difference in
116
TABLE 5.3
LINE WIDTHS AND T,* MEASUREMENTS FOR SELECTED CORE PLUG SAMPLES
Rock Code Rock Type Line width/ppm %
Clashack 1-0 Sandstone 5.0
Birkams 191 -1 Sandstone 18.6
Springwell 17-4 Sandstone 18.6
Crosland Hill 16-5 Sandstone 7.4
Blaxter 15-7 Sandstone 6.6
Dolington 15-8 Sandstone 5.3
Lochaline 1-1 Sandstone 3.1
Gebdykes 18'-2 Limestone 7.4
Portland 211 - 5 Limestone 2.9
Monks Park 21' -2 Limestone 4.6
Guiting 2-0 Limestone 12.4
Raisby 18' -9 Limestone 5.3
Barton 15-11 Limestone 7.1
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RELAXATION TIMES T,
TABLE 5.4 
AND To FOR FLUIDS IN SELECTED CORE PLUGS
Rock Fluid Tjl/ihs T2/m
Portland Limestone n-decane 883 159
Portland Limestone water 235 148
Clashack Sandstone n-decane 496 -
Clashack Sandstone brine 108 104
Clashack Sandstone water 174 125
Lochaline Sandstone water 1619 242
Reservoir Sandstone 
(AGIP)
water 444 141
Estimated error + 3% of Jx and T2 values.
susceptibility between rock and fluid, the presence of magnetic 
material and geometry of the pore space. The effect is not well 
understood Kleinburg (1990).
The relaxation properties of oil and water in these, and a few other 
core plugs are given in table 5.4 Comparing these relaxation times 
with the bulk fluids we see core relaxation times are reduced. This 
has been attributed to rock surface - fluid interaction, (Section 
3.4). If we consider Portland Limestone the water relaxation time 
is strongly affected whereas the decane relaxation time is weakly 
affected. This shows that the core plug is water wet. Brown et al
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(1956), Williams et al (1982).
In the literature model porous systems, such as glass bead packs, 
have been studied in various displacement experiments (but not yet 
by NMR) Davis (1987), Wardlow (1980), because these systems have a 
narrow distribution of pore size, of known geometry. For this 
reason NMR studies of oil and water in glass bead packs were 
undertaken. The results are shown in Table 5.5.
As expected the water and brine experiments show shortening of the 
relaxation times with decreasing pore size (increasing surface to 
volume ratio Banavar 1989, Halperin 1989). The decane experiments 
show a similar Tx value with decreasing pore size in the glass bead 
packs showing the glass bead packs are water wetting. *
Clashack is known to have pore size in the range 10 up to 100 pum in 
diameter. The relaxation times are lower than the corresponding 
pore size of the bead packs. This may be attributed to the fractal 
nature of the sandstone pores, and paramagnetic agents in the pores.
The degree of accuracy outweighs the sensitivity of these results 
(5-10%) so that they must be carefully interpreted, but do 
demonstrate the trends and nature of the NMR properties.
Table 5.6 shows the results of relaxation time measurements of E0R 
fluids at relatively high concentrations. Although the relaxation
119
TABLE 5.5
RELAXATION TIMES T, AND T, FOR BULK FLUIDS IN GLASS BEAD PACKS
Sample Filename L/ms T2/ms
Water in W4 1010 488
glass bead W6 862 421
packs W9 556 305
Brine in B4 1020 583
glass bead B6 842 361
packs B9 536 268
Decane in D4 1360 334
glass bead D6 1240 278
packs D9 1330 288
Glass bead sizes
Bead type dia/mm
Estimated error + 3% of Jl and Tz values.
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RELAXATION TIMES OF TERTIARY CHEMICAL IN 
WATER SOLUTION IN LOCHALINE SANDSTONE
TABLE 5.6
Tj/ms T2/ms
NaDBs surfactant 2% 1154 260
Butylalcohol 1% 1300 ~260
Polyacrylamide 1% 
(10,000 ppm)
1300 --
Water 1500 ~240
Note: Each experiment conducted on a fresh core sample.
Estimated error +. 5% of Tx and T2 values.
TABLE 5.7
L  MEASUREMENT OF POLYACRYLAMIDE SOLUTION IN WATER 
AT VARYING CONCENTRATION IN LOCHALINE SANDSTONE
Polyacrylamide________________ Jx (ms)
0 1510
600 1440
1500 1505
10000 1300
Estimated error + 5% of Jx value.
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times of the tertiary fluids are lower than water in Lochaline they 
are not sufficiently different to identify one from another. The 
relaxation time may have been reduced by a wettability effect. 
Table 5.7 gives Tl measurements for polyacrylamide solution in water 
at high concentrations. The table shows at high, 10,000 ppm, 
concentration the polymer solution viscosity dominates the T* 
relaxation rate, giving a possible J1 contrast between 10,000 ppm 
polyacrylamide and water in Lochaline {T1 = 1300' ms, and Tl = 1600 
ms respectively). The discrimination was demonstrated with IR 
imaging using two cores butted together, one saturated in water , 
the other in 10,000 ppm polyacrylamide using Ti = 900 ms for the 
water image and Ti = 1050 ms for the polymer image Figure 5.1 (a) 
(b).
The option of using D20 rather than H20 as a solvent for the tertiary 
chemicals was investigated. Table 5.8 clearly shows significant 
difference in Jl between the different tertiary chemicals. The 
spectral resolution described in Table 5.2 for the bulk fluid is now 
degraded by the natural rock line width of approximately 110 Hz and 
low signal to noise due to the low concentration of the tertiary 
chemicals and core porosity. The signal from the tertiary chemical 
at 1% concentration is 1/100 of the water signal. If <j> = 0.25 the 
fluid only occupies 25% of the core. However, averaging improves 
the signal to noise ratio by Vn where n is the number of averages. 
Optimum NMR image signal to noise is achieved for standard imaging 
techniques at a repetition time of TR = 1.4Tj Mansfield (1982).
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TABLE 5.8
Ti RELAXATION TIMES OF TERTIARY CHEMICALS IN D,0 
IN LOCHALINE SANDSTONE
Ti
2% NaDBs (ch2)- = 72 ms
h2o s' 2800 ms
1% Butylalcohol CH3(CH2)2 2100 ms
1% Polyacrylamide (ch2)2 = 30 ms
h2o a. 220 ms
Estimated error +. 5% of T3 value.
(a) (b)
FIGURE 5.1 IR IMAGES OF TWO LOCHALINE HALF CORE PLUGS SATURATED IN
WATER (RIGHT) AND POLYACRYLAMIDE 10.000 PPM (LEFT)
(a) £  = 900 ms "water image" (b) Tj = 1050 ms polymer 
image
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FIGURE 5.2 2% NaDBs IN D,0 IN LOCHALINE SANDSTONE
Tr = 100 ms, Av = 48, Te= 10 ms, resolution 128 * 128, 
imaging time 10 mins.
FIGURE 5.3 1% BUTYLALCQHOL IN D,0 IN LOCHALINE SANDSTONE
Tr = 2000 ms, Av = 48, Te = 10 ms, resolution 128 * 128, 
imaging time 3.4 Hrs.
FIGURE 5.4 1% POLYACRYLAMIDE IN D,0 IN LOCHALINE SANDSTONE
Tr = 100 ms, Av = 432, resolution 128 * 128, 
imaging time 1.5 Hrs.
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Several trials were run to establish good image signal to noise for 
single phase tertiary fluids in D20 in Lochaline sandstone. The 
results are shown in Figures 5.2, 5.3 and 5.4 for 2% NaDBs, in D20, 
1% Butylalcohol in D20 and 1% Polyacrylamide in D20 respectively. 
The images are quite distinct. The 1% polymer image corresponds to
10,000 ppm concentration at solution concentrations of 600 ppm it is 
unlikely that there will be any image contrast.
The discrimination sensitivity of the technique was tested by 
imaging various butted cores. Figure 5.5 shows the results of core 
pairs saturated with the various fluids. Figure 5.5 (a) show 2% 
NaDBs clearly from 600 ppm polyacrylamide Av=48 imaging time 10 
minutes, Tr = 100 ms using spin echo imaging without inversion 
recovery. Figure 5.5 (b) with null time Tt = 50 ms , Tr = 3000 
imaging time =2.1 hours attempts to null the surfactant signal and 
image the butylalcohol. The image shows signal from the surfactant. 
This is thought to be due to water contamination of the NaDBs 
solution. This problem could be resolved with (i) careful handling 
of the prepared solutions, (ii) increasing the butylalcohol 
concentration, (iii) changing the alcohol for one with a different 
Tx. Figure 5.5 (c) shows the surfactant clearly distinguished from 
the butylalcohol Tr = 100 ms, Av = 48, imaging time = 10 minutes.
To summarise butylalcohol, NaDBs and polyacrylamide have been 
distinguished from one another at concentration of 1%, 2% and 600 
ppm respectively using D20 in Lochaline Sandstone. Detection of the
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(a)
600 ppm 2% NaDBs
polyacrylamide
Tr = 100 ms 
Av = 48
Imaging time = 10 mins
1% Butylalcohol 2% NaDBs
Ti = 50 ms 
Tr = 3000 ms 
Av = 20 
Imaging time = 2.1 Hrs
(c)
1% Butylalcohol 2% NaDBs
Tr = 100 ms 
Av = 48
Imaging time = 10 mins
FIGURE 5.5 DISTINCTION OF EOR CHEMICALS IN LOCHALINE HALF CORE 
PLUGS
a) NaDBs from polyacrylamide, b) butylalcohol from NaDBs 
c) NaDBs from butylalcohol.
Images are not slice selective.
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butyl a1 coho 1 can be impaired by any contamination of water which may 
be present in the other solutions. Polymer solutions at 600 ppm can 
be identified as they do not give significant contributions to image 
intensity.
5.4 MEASUREMENT OF POROSITY VARIATION
Figure 5.6 shows three profiles; (a) is doped water in a plastic 
canister of equivalent size to a core sample; (b) is pure distilled 
water in a core plug of Portland Limestone and (c) is the profile of 
a saturated Lochaline sandstone core. The amplitude of the fluid 
profile V is proportional to the fluid concentration. The profiles
(b) and (c) show the difference between the fluid distribution in a 
homogeneous and heterogeneous rock. The uniformity of the Lochaline 
sandstone sample (Figure 5.6c)f was apparent and could have passed 
for homogeneous sample in routine and special core analysis.
The water sample in the canister was doped with manganese chloride 
to mimic the line broadening effect of a T2* =0.06 seconds. Since 
the core plugs have only 12% and 20% porosity, and the tube 100% 
porosity the amplitude of the profiles are on different scales. A 
variety of MRI techniques could be used for this experiment. In 
particular the solid imaging techniques would be worthwhile as they 
would be better suited to imaging broad line samples. The bulk 
fluid profile demonstrates the uniformity of the radio frequency 
field and the end response of the coil. Clearly from the
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Doped Water
Length, mm
V Water Saturated Portland Limestone
Length, mm
Water Saturated Lochaline Sandstone
Length,mm
V=Signal Relative Units
FIGURE 5.6 1-D TOTAL FLUID PROFILES
(a) Canister of doped water;
(b) 100% water saturated Portland Limestone core
(c) 100% water saturated Lochaline sandstone core.
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profile of the Portland Limestone core plug the local porosity 
varies greatly from voxel to voxel. The local porosity variation 
can be determined from the NMR profile by plotting the number of 
pixels that occur in a particular saturation range against the 
saturation range. One of the Portland limestone profiles was 
plotted in this way. The data was fitted to a normal distribution 
with average 12% standard deviation 0.5%. The result showed that 
the porosity distribution was mono-modal.
5.5 CHEMICAL SHIFT SPECTRA OF OIL AND WATER IN LOCHALINE SANDSTONE 
AND PORTLAND LIMESTONE
From the results (Table 5.2) it was apparent that oil and water 
could be distinguished in Portland Limestone using the chemical 
shift, but Lochaline Sandstone would be more difficult.
Figure 5.7 shows an example voxel spectrum from a 1-D chemical shift 
image of a Portland Limestone and Lochaline Sandstone core plugs. 
The fluids used were n-decane and water.
Clearly discrimination was possible in the Portland case, but 
unsatisfactory in the Lochaline case. For Lochaline sandstone the 
inversion recovery technique was proposed since the spin-lattice 
decay time Tl was very long (Table 5.4) 1619 ms with light paraffin 
natural Tj = 111 ms clear distinction was expected (section 6.2).
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Signal Portland Limestone
Signal Lochaline Sandstone
FIGURE 5.7 VOXEL SPECTRA OF N-DECANE AND WATER FROM 1-P CSI
(a) Portland Limestone core including line fitting
(b) Lochaline sandstone core,
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5.6 A MODEL SYSTEM FOR IMAGE CALIBRATION
Several model systems made from a wide range of materials have been 
developed in order to mimic NMR properties of biomedical tissues 
(Madsen 1982, DeVre 1985, Mitchell 1986).
Phantoms have been shown to be useful for checking and calibrating 
equipment, in testing new techniques, and as standards for 
measurement of relaxation times and quantification of water content. 
They also provide a simple model with which to compare and contrast 
the properties of the system under investigation. In studying the 
application of NMR imaging to porous media it is useful to follow 
the same approach, to quantify the amount of water, oil and organic 
material present (Madsen 1982). The matching of different 
relaxation times by using appropriate materials can provide a 
simplified system to mimic even a complex behaviour like that of a 
fluid inside a rock matrix. The relaxation times Tlf T2 of fluids in 
these systems differ greatly from bulk fluid properties because of 
strong fluid-surface interaction, the pore size distribution, and 
the internal geometry of the rock matrix. These effects cause a 
distribution in relaxation times which are characteristic of the 
particular rock. Moreover, a major difference from an NMR point of 
view between porous rock and biological tissues is the magnetic 
susceptibility effect within the rock which causes significant 
broadening of the NMR line width, characterized by the observed 
relaxation time T2*, and associated line width v%.
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The distribution of relaxation times Tx and Tz of fluid inside a rock 
core has been studied by Kenyon et al (1986) amongst others (Timur 
1969, Schmidt 1986) who showed that experimental ll (measured by the 
Inversion Recovery sequence) and T2 (measured by the Carr Purcell 
Meiboom Gill sequence) data fitted statistically to double or triple 
exponential relaxation decays. The stretched exponential was also 
proposed which could characterise these fluid decay rates. The
relaxation rates were shown to vary greatly from rock type to rock
type, in agreement with section 5.3. A phantom which most closely 
mimics this complex behaviour would be a selected sample of the rock 
itself. For inhomogeneous rocks, such as limestones, choosing a 
representative sample plug poses problems, and generally NMR 
measurements are dependent on the saturation level of the sample, 
which may change with time.
For these reasons it was felt this approach was not suitable for
quantification of the imaging experiments. In this work the complex 
relaxation behaviour of the rock-fluid system was modelled choosing 
'average' single exponential decay curves and reproducing the 
magnetic susceptibility effect of the rock matrix. Other 
researchers have used model systems to quantify rock fluid images 
ignoring magnetic susceptibility effects (Edelstein 1988). A model 
system was proposed which can be well characterised by simple single 
exponential decay functions, made from materials which may be 
combined in different amcu.^s to approximate the properties, T1( T2f 
T2*, (J) (porosity) of water in rock cores.
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5.6.1 Experimental methods
The experimental methods used for Jl and T2 relaxation times have 
been described, section 1.6. The relaxation curves were analyzed 
with non linear least squares fitting routines using one, two and 
three exponentials. The standard error of the fit (SEF) was 
calculated using equation 5.1
SEF E -  f i)2 5 . 11 N - P
where N represents the number of data points, P is the number of 
parameters of the fit, Fi(i=l....M) the measured echo intensities 
and fi the fitted values. The ratio of SEF, (RSEF) served as a 
criterion for accepting the number of exponentials in the measured 
relaxation curve (Kamman, 1987).
The modulus linewidth values were determined by measuring the full 
width at half height of the peak obtained after fourier 
transformation of the bulk signal. Experiments were performed at a 
bore temperature of 16-17°C.
The core samples were 100% vacuum saturated with distilled water and 
porosity was determined by weight. Air was removed from the water 
by evacuation (Section 4.3).
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5.6.2 Phantoms
Various paramagnetic agents were tried (Ni, Cr, Fe, Mn) but CuS04 was 
selected as it gave the most sensitive control of T2. Agarose gel 
solution of 0.5% or 1% concentration (w/v) were prepared according 
to previous works (DeVre 1985, Mitchell 1986) and poured into 
polythene containers 1" in diameter. Then insoluble powered iron 
oxide (Fe203) was added and the mixture stirred until a uniform 
distribution of the suspended powder was obtained.
5.6.3 Results and discussion
The objective of the experiment was to make three model systems 
which mimicked the characteristic NMR parameters of three different 
water filled core samples. The bulk properties of the core samples 
are given in Table 5.9. The relaxation results, analyzed using RSEF 
showed that the double exponential model was successful in 
describing T2, and Tx values. The triple exponential model was only 
required in one case, that was the lx fitting of a reservoir 
sandstone rock. The data shows a complex picture of relaxation 
times, as expected (Kenyon et al 1986). The samples had a range of 
line widths characterised by T2*, this has been partially explained 
in the literature Kleinburg 1990. The porosity of the cores was 
also measured.
The broad range of relaxation times of fluids in rock cores requires
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TABLE 5.9
CHARACTERISTIC NMR PARAMETERS OF SELECTED ROCK CORE SAMPLES
Portland Lochaline Reservoir
Limestone Sandstone Sandstone
Porosity (%) 20 19 12
T2* (ms) 18 6 3.4
Ti (ms) 235 1619 444
1-exp
lRSEF 0.2 0.3 0.3
Ti (ms) 64 494 103 1822 61 726
1-exp
2RSEF 0.6 0.6 0.4
3-exp Tj (ms) / / 17 205 991
T2(ms) 148 242 141
1-exp
!RSEF 0.2 0.4 0.2
T2 (ms) 19 213 99 321 14 199
2-exp
2RSEF 1 1 0.7
]Ratio of rms deviation from two exponential to that of one exponential data 
analysis.
2Ratio of rms deviation form three exponential to that of two exponential data 
analysis
Estimated error + 3% of Tx and T2 values.
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a model system to have independent control of Tlf T2, and T2*. Several 
materials were investigated. The results are shown in Table 5.10 with
corresponding Tu T2 and T2* values for different prepared phantoms. This 
study was designed to show the effect of the materials and their
interdependence on the measured parameters. The findings are explained here. 
The relaxation times could be controlled by adjusting the concentration of 
copper sulphate and agar gel. Adding copper sulphate to the phantom shortened 
the relaxation times T3 and T2. This is expected due to dipolar interactions
(Bloemenbergen, 1961). The agar gel showed considerably shortened T2
relaxation time compared to T3. At 0.5% and 1% concentrations the decay rates 
were found to be single exponential. The relaxation time of the agar gel 
preparations is in agreement with a study made by Woessner (1970). He 
attributed Tl relaxation process to interaction of the water molecules with 
the hydroxyl groups on the agar (short correlation time) and the shortened T2 
relaxation to the bound water around the agar molecules (long correlation 
time). The ratio of D20/H20 was found to be a useful way to control the amount 
of water in the phantoms to match porosity of rock samples. However, 
increasing the ratio of D20/H20 was found to increases the proton relaxation 
time. The effect has be^reported in the literature by Woessner (1970) who 
found that dilution of the proton concentration reduces the relaxation 
efficiency. Control of the bulk magnetic susceptibility in the model was 
achieved by adding insoluble paramagnetic agent Fe203. Powdered iron oxide was 
randomly distributed inside the phantom volume. This effect was found to be 
strongly dependent on Fe203 concentration as shown in Figure 5.8. Control of 
linewidth (characterised by T2*) is important when quantification of images is 
attempted (especially for Chemical Shift Imaging ).
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RELAXATION TIMES OF WATER IN SELECTED PHANTOM MATERIALS
TABLE 5.10
Materials NMR Parameters
Agarose D20 CuS04 Fe203 Other Tj T2 lZ
gel (w/v) (%) (mM) (mM) (ms) (ms) (ms)
0.5 2020 249 42
1 2078 149 55
0.5 3 303 101 26
0.5 3 1600 195 18
0.5 6 13
0.5 12 9.5
0.5 24 7
0.5 36 5
0.5 42 4
0.5 70 1 12 604 166 11
0.5 81 0.4 24 B 1344 249 7
1 3 1515 91 22
1 80 3 3347 252 25
1 80 3 3 216 88 18
1 80 2 3 A 322 114 19
1 88 1 48 C 548 146 3.6
glbd* 1709 715 6
0.5 3 glbd* 1150 137 5
glassbeads
Estimated error + 3% of Tx and T2 values.
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1/T2* (Sec-1) 
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Fe203 concentration / mM
5.8 DEPENDENCE QF To* ON IRON OXIDE CONCENTRATION
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RELAXATION TIMES AND POROSITY OF ROCK CORE SAMPLES AND SELECTED PHANTOMS*
TABLE 5.11
SAMPLE T^ms) T2(ms) T2*(ms) Porosity (%)
Portland
Limestone 235 148 18 20
A 322 114 19 20
Lochaline 
Sandstone 1619 242 6 19
B 1344 249 7 19
Reservoir
Sandstone rock 444 141 3.4 12
C 548 146 3.6 12
Composition of phantoms A, B and C is described in Table 2
Estimated error + 3% of Tj and T2 values •
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Three phantoms A, B, C, were made to mimic the properties of the water filled 
cores given in Table 5.9. The composition of the phantoms are given in Table 
5.10. The phantoms and cores are compared in Table 5.11. The porosity and 
linewidth were matched well. It was more difficult to match both relaxation 
times.
This model system approach is a modification of the system prepared by 
Mitchell (1986) where agarose gel was used together with copper sulphate to 
control T2. The addition of D20 and Fe203 has produced model systems which 
simulate more closely the real core samples.
5.7 CONCLUSIONS
5.7.1 Discrimination of EOR fluids in rock cores by MRI
Tt relaxation contrast should provide excellent identification of oil and 
water Lochaline sandstone. Polymers of high viscosity 10,000 ppm 
concentration polyacrylamide (asw) gave contrast between polymer solutions and 
water using 11 methods. However tertiary chemicals in water appear to have 
a slight effect on Jl compared to water in Lochaline sandstone, which may be 
due to wettability differences. The difference is not sufficient to 
distinguish one chemical from another. The results of the tertiary chemicals 
in D20 show ll can be used to distinguish butylalcohol from NaDBs from 
polyacrylamide. Imaging experiments have achieved good image signal to noise 
for all three materials, although polymer at 10,000 ppm needed over 400 
averages giving long imaging times. At nominal 600 ppm polymer
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concentrations image contrast would be n e g l ig ib le .  Imaging experiments w ith  
dual cores have demonstrated d isc r im ina t io n  o f one f l u i d  from another 1% 
su rfac tan t in D20 has been d is t ingu ished  from 600 ppm polymer in D20. The 
conclusion from the bead pack studies was th a t although packs were useful fo r  
f low  studies they were not su itab le  fo r  phantoms to  quan t ify  imaging 
experiments. C le a r ly  a d i f fe re n t  model system had to  be developed to  
ca l ib ra te  these images.
The u n ifo rm ity  o f the RF c o i l  was s u f f ic ie n t  to measure local p o ros ity  
va r ia t io n s  in the core plugs. The p o ros ity  d is t r ib u t io n s  was measured, and 
f i t t e d  to  a normal d is t r ib u t io n .  The CSI technique can d is t in g u ish  decane 
from water in a Portland Limestone. For Lochaline Sandstone the inversion 
recovery technique gives b e tte r  re s u lts .
5.7.2 Model systems
The NMR properties  Tl# T2, T2* and po ros ity  o f water in rock matrix systems 
have been modelled using a combination o f agarose gel, deuterium oxide, copper 
sulphate and powdered iron oxide. The e f fe c t  o f these m ateria ls  and th e i r  
interdependence has been invest iga ted . A comparison was made between the 
properties  o f th is  model system and the properties  o f some limestone and 
sandstone core plugs, saturated w ith  water which had had a i r  removed. I t  was 
found th a t the model system could reproduce accura te ly  the magnetic 
s u s c e p t ib i l i t y  e f fe c t  o f the rock, (described by T2*), and i t s  bulk po ros ity .  
Further, i t  could model the 'average' Tj and T2 re la xa t io n  decay curves o f 
water in the rock.
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This stab le model system may be used as a r e l ia b le  standard fo r  q u a n t i f ic a t io n  
of f l u id  content and c a l ib ra t io n  o f a v a r ie ty  o f imaging experiments, 
inc lud ing  spin-warp, chemical s h i f t  imaging and grad ien t reversal techniques, 
conducted on water saturated rock cores.
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CHAPTER 6
IMMISCIBLE SYSTEMS IN CORE PLUGS
6.1 INTRODUCTION
This chapter demonstrates d isc r im ina t io n  o f two immiscible f lu id s  in 
rock core plugs using MRI under both s ta t ic  and dynamic cond it ions. 
The f lu id s  include o i l  and a v a r ie ty  o f aqueous so lu t io ns . The 
p roperties  o f these f l u id s  are given in chapter 5.
I n i t i a l  studies o f o i l  and water in limestone and sandstone cores 
showed general d if fe rences  (chapter 5). The sandstones had broader 
l in e  w idths, w ith  large d iffe rences in re la xa t io n  time fo r  o i l s  
compared to water. This work suggested th a t the invers ion recovery 
technique would provide the best d isc r im ina t io n  s e n s i t iv i t y .  
Conversely chemical s h i f t  imaging would be most su ita b le  fo r  some 
1imestones.
This chapter is  d iv ided in to  three sections. The f i r s t ,  6.2 
addresses the d is c r im in a t io n  o f o i l  from water in Lochaline 
sandstone by invers ion recovery. The displacement experiments 
conducted demonstrate th a t  the s e n s i t iv i t y  is s u f f i c ie n t  to detect 
movement o f the Residual O il Saturation (ROS) during polymer 
displacements.
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The next section, 6.3 covers the CSI technique applied to  model 
systems and Portland limestone cores. The aim of the work was to 
v e r i f y  the s e n s i t iv i t y  o f the technique.
In the th i r d  section 6.4 the CSI derived f l u i d  sa tu ra tion  
measurements are used to  determine re la t iv e  pe rm eab il i ty  curves, the 
f ra c t io n a l  f low  curve and the c a p i l la r y  pressure grad ien t fo r  a 
Portland limestone core during a f loo d  experiment. The re su lts  are 
compared to the conventional core ana lys is . This is  the f i r s t  time 
th a t  MRI has been used to  determine these f l u id  f lo w  parameters.
A l l  samples were 1" (25.4 mm) in diameter and 2" (50.8 mm) in 
length, or less. Core samples were obtained from outcrops. The 
limestone selected was Portland Limestone w ith a p o ro s ity  around 12% 
and a plug pe rm eab il i ty  o f 30 md. The sandstone u t i l i s e d  came from 
Lochaline and was high quartz sand from a shallow marine 
deposit iona l environment. C ha rac te r is t ic  plug p o ro s i t ie s  and 
pe rm eab il i t ies  were 20% and 3000 md respec t ive ly . In add it ion  some 
work was conducted using glass bead packs. A l l  experiments were 
conducted at ambient cond it ions .
6.2 DISCRIMINATION OF OIL AND WATER IN LOCHALINE SANDSTONE USING 
IR IMAGING.
The open pore s tru c tu re  o f Lochaline sandstone gives i t  a long 
c h a ra c te r is t ic  water Tl re la xa t io n  time of 1619 ms (Table 5 .4 ). 
L igh t p a ra f f in  has a na tura l Tx re laxa tion  time of 111 ms. High
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FIGURE 6.1 IR IMAGE OF THREE STACKED LOCHALINE SANDSTONE CORE PLUG 
SECTIONS
(a) Water image Tj = 100 ms n u ll in g  o i l  signal
(b) O il image Tj = 1000 ms n u ll in g  water signal
contras t should be achievable w ith  J x weighted imaging techniques. 
Thus the inversion recovery method was adopted.
The d isc r im ina t ion  of th is  method was tested by imaging a set of 
Lochaline core plug sections (Figure 6 .1 ).  The d isc r im ina t ion  
s e n s i t iv i t y  was remarkable w ith  the nulled component almost reduced 
to the back ground noise level of the image.
The rock matrix causes a dispersion of Jx values, implying the 
d is t in c t io n  method could be in e f fe c t iv e .  However through carefu l 
se lec t ion  of o i l  and a knowledge of the water re laxa tion  rate in the 
sandstone some cores may be v iab le . This point has generally been 
overlooked in the l i t e ra tu re .
The inversion recovery method was used to  study o i l  recovery from a 
Lochaline Sandstone core plug. The aim was to observe the small 
change in Residual O il Saturation (ROS) during a polymer EOR 
displacement. A core plug was vacuum saturated w ith  water, then 
l ig h t  p a ra f f in  was pumped in to d isplace the water leaving an 
i n i t i a l  water sa tu ra tion  (Archer 1986). The ob jec t o f the 
experiment was to  d isplace the o i l  w ith  water, then use polymer 
so lu t ion  at s te a d i ly  increasing polymer concentration 600, 1500, and
10.000 ppm, to  m obil ize  some of the residua l o i l  l e f t  behind a f te r  
the water displacement. The f low  ra te  was 6 m l/h r fo r  a l l  f loods . 
Both imaging, and vo lumetric measurements were taken. Four pore 
volumes of each f l u i d  was in jec ted  in to  the core plug. Very l i t t l e  
extra  o i l  was produced u n t i l  the 10,000 ppm so lu t ion  was used. The
10.000 ppm polyacrylamide displacement was fo llowed using one 
dimensional invers ion recovery imaging, taking 3.4 seconds per 
p r o f i le .  The o i l  was imaged by n u l l in g  the water s ignal w ith  an 
inversion time Tx = 1050 ms. A bank was c le a r ly  formed in the o i l  
d is t r ib u t io n ,  which moved down the core length. One o f the p ro f i le s  
showing the o i l  bank is  shown in Figure 6.2.
The p o s it io n  o f the o i l  bank was determined in th is  manner fo r  
various time po in ts . The progress o f the o i l  bank w ith  time is 
shown in f ig u re  6.3. From the two dimensional o i l  and water images 
average signal values can be ca lcu la ted . These must be scaled fo r  
the d i f fe re n t  J l re laxa tio n  times of the water and l ig h t  p a ra f f in
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Oil Signal/ Arbitrary Units
FIGURE 6.2 ONE DIMENSIONAL IR IMAGE OF THE OIL PROFILE SHOWING AN 
OIL BANK AS 10000 PPM (ASW) POLYACRYLAMIDE IS INJECTED
Ti = 1050 ms, 10,000
Core length/cm
time/minutes
FIGURE 6.3 POSITION OF OIL BANK WITH TIME USING ONE DIMENSIONAL IR.
In je c t io n  ra te  6 cc/Hr, t  = 0 is a f te r  s ta r t  o f 
in je c t io n  10,000 ppm polyacrylamide (asw) in je c t io n .
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TOTAL RESIDUAL OIL MEASURED BY MASS BALANCE AND IR IMAGING. AFTER 
POLYMER DISPLACEMENTS OF VARIOUS CONCENTRATIONS. 4PV+ INJECTED IN 
EACH CASE
TABLE 6.1
Polymer /ppm Tota l o i l / c c  Sore
+ 0.05 by MR
I n i t i a l  2.9 0.85
0 1.8 .39
600 1.7 .43
1500 1.7 .35
10000 1.6 .34
Estimated e r ro r  in these values is  1%. However the timescale o f the 
experiment, and s t a b i l i t y  o f the equipment would suggest a 4% e rro r  
would be more r e a l i s t i c  (see te x t ) .
(1619 ms and 111 ms re sp e c t iv e ly ) .  The re su lts  of the MRI and volume 
measurements are given in Table 6.1. The f ig u res  do not match very 
w e l l .  I t  was d i f f i c u l t  to  measure the amount of o i l  produced as i t  
was so small (0.1 cc). The MRI measurements are c le a r ly  not as 
accurate as the vo lum etric  measurements. Several fa c to rs  con tr ibu te  
to inaccuracies. I t  has been assumed th a t the re la xa t io n  times of 
the f lu id s  are the same fo r  each stage of the experiment, th is  is 
not necessarily  so. The temperature inside the bore o f the magnet 
is approximately 7°C cooler than the labora tory . The temperature of 
the o i l  in the core is  l i k e ly  to  increase as the warmer f lu id s  are 
in jec ted . Relaxation times are temperature dependant (section 
1 .6 .1 ) .  Secondly, the re laxa t ion  times are l i k e ly  to be sa tu ra tion
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dependant (see section 6 .3 .1 . ) .  The experiment took a day to 
complete. The c o i l  tun ing may change in tha t time w ith  d i f fe re n t  
f l u id s  in the core and temperature f lu c tu a t io n s .  The c o i l  is tuned 
on a uniform phantom at the s ta r t  o f the experiment. I t  has been 
found to be unwise to attempt to  tune on the core samples as the 
f l u i d  d is t r ib u t io n  w ith in  them is  not uniform and can give 
misleading re s u lts .  The use o f an ' o i l '  phantom alongside the core 
plug as a reference would t i e  down some of the va r ia t io n s  in machine 
parameters. Averaging could improve on the re s u l ts .
However, the experiment was successful at showing the 10,000 ppm 
polymer so lu t ion  had mobilised some of the res idua l o i l .  This 
experiment is the f i r s t  to  show o i l  bank formation and motion using 
an MRI technique. I t  is  s ig n i f ic a n t  th a t no doping agents were 
requ ired. The f lu id s  are 'n a tu r a l ' ,  f low ing  a t slow f low  ra tes .
6.3 THE CHEMICAL SHIFT IMAGING TECHNIQUE APPLIED TO LIMESTONE 
CORES AND MODEL SYSTEMS
6.3.1 D iscrim ina tion  o f s ta t i c  o i l  and water in Portland Limestone 
cores
A model rock system w ith  known sa tu ra tion  d is t r ib u t io n  was 
constructed to te s t  the d isc r im ina t ion  s e n s i t i v i t y  o f the chemical 
s h i f t  imaging (CSI) technique under s ta t ic  cond it ions .
A core plug taken from the Portland Limestone was cut in to  two 
halves. One h a lf  was f u l l y  saturated in n-decane and the other h a lf
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in d i s t i l l e d  water. Both halves were butted together and 
immediately imaged in both 1-D and 2-D using chemical s h i f t  imaging. 
P ro f i le s  o f the to ta l  f l u i d  and the ind iv idua l components are shown 
in Figure 6.4 side by side w ith  the corresponding 2-D d is t r ib u t io n s  
fo r  comparison. The two phases are c le a r ly  d is t ingu ished . This 
p re lim ina ry  imaging va lida ted  the l in e  f i t t i n g  in te g ra t io n  technique 
as the o i l  p r o f i le  was observed to be low in the h a lf  conta in ing 
water and vice versa. This work formed the basis f o r  f loo d  f ro n t  
track ing  discussed la te r .
F lu id  contents determined by the 1-D and 2-D CSI are in good 
agreement w ith  each other and w ith  the m ateria l balance values. 
These re s u lts  were very encouraging.
Other Portland Limestone plugs, f u l l y  saturated w ith  d i s t i l l e d  water 
and n-decane o f known proportions, were also imaged, in cross- 
sectiona l 's l ic e s '  4.5 mm th ic k .  Non-porous c lus te rs  o f rock matrix 
and large sand grains were seen as dark patches w ith  b r ig h te r  areas 
of the image dep ic t ing  higher f l u id  concentrations.
A series of desaturation experiments were attempted w ith  the 
Portland Limestone plugs. The 100% water saturated plug was imaged, 
then spun in a ce n tr i fu ge  fo r  3 hours at 2300 rpm u n t i l  the weight 
o f the saturated core plug could not be reduced fu r th e r .  The core 
had an ir re d u c ib le  water sa tu ra tion  o f 0.35 PV determined by Mass 
Balance. The i r re d u c ib le  water signal was detected in the presence
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FIGURE 6.4 CHEMICAL SHIFT IMAGING ON A PORTLAND LIMESTONE CORE PLUG 
CUT IN TWO. ONE HALF SATURATED WITH WATER THE OTHER WITH 
N-DECANE
p ro f i le s : ( a )  to ta l  f l u i d ;  (b) o i l ;  (c) water; 
2-D maps:(d) to ta l  f l u i d ;  (e) o i l ;  ( f )  water.
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of a i r  and the f l u i d  d is t r ib u t io n  successfu lly  imaged. However, the 
echo signal was s ig n i f i c a n t ly  lower than the Mass Balance f ig u res  
p redic ted, and the l in e  width was broadened by a fa c to r  o f two. The 
echo time was 40 ms.
The l inew id th  may be broadened by local magnetic f i e l d  gradients 
which are set up a t the a ir /w a te r  in te rfaces ins ide the core, and 
which become more s ig n i f ic a n t  as the amount o f a i r  in the sample 
increases. The reduction in echo signal may be explained in the 
fo l lo w in g  way. 'Bound' water at the rock grain surface decays more 
ra p id ly  than the ' f r e e 1 water in the pore. During the r e la t iv e ly  
long echo time (40 ms) the signal from the bound water disappears, 
and does not con tr ibu te  to echo s igna l.  I f  the core is  100 % 
saturated the r a t io  o f bound to  free  water is  small. In th is  case 
a high p roportion  o f the f l u i d  con tr ibu tes  to image s ign a l.  As the 
sa tu ra tion  is  reduced the r a t io  of bound to free  water becomes 
la rge r. The p roportion  o f s ignal th a t contr ibu tes  to  the echo is 
reduced.
The experiment would be improved by reducing the echo time. 
Edelstein (1988) has reported using 5 ms echoes fo r  core imaging. 
One of the la te s t  m u lt ipu lse  s o l id  imaging sequences developed at 
the U n ive rs ity  o f Surrey (McDonald 1987) would be p a r t ic u la r ly  
appropriate fo r  th is  work since the sequence narrows the l in e  
broadening due to s u s c e p t ib i l i t y  e f fe c ts .
152
6.3 .2  Dual phase f low  in a model system
The a b i l i t y  o f the CSI technique to d is t in g u ish  sa tu ra tion  
d is t r ib u t io n s  o f o i l  and water was evaluated w ith  a model system. 
A homogeneous glass bead pack was flooded i n i t i a l l y  w ith  several PV 
o f d i s t i l l e d  water, and subsequently 0.45 PV o f n-decane, then 
immediately imaged. The p ro f i le s  and 2-D images are shown in Figure 
6.5 and represen ta tive  spectra p lo t te d  to  scale from p ixe ls  1, 2, 3 
and 4 o f the 2-D chemical s h i f t  data set are shown in Figure 6.6. 
The spectra l l in e s  are well separated and the r e la t iv e  proportions 
o f water and n-decane ca lcu la ted  from the areas under these spectra l 
l ines  agree w ith  expected leve ls in th is  model system. The low 
signal from the o i l  is  due to i t s  longer Tj re laxa t io n  ra te  a r is in g  
from the p re fe re n t ia l  water w e t ta b i l i t y  o f the beads. The Tx and T2 
values o f water and decane in the bead pack are given in Table 5.5. 
The beads were 'type  9 ‘ . The 1-D and 2-D images (Figure 6.5) 
c le a r ly  show th a t  a globule o f decane has preceded the in jec ted  o i l  
and co llec ted  a t the o u t le t  end o f the pack. This was confirmed by 
inve s t ig a t in g  the spectra from the 2-D image o f th is  area (Figure 
6 .6 ) .  The spectrum from region 4, the po s it ion  o f the g lobule, 
shows th a t a s im i la r  amount o f o i l  and water is  present, even though 
the f r o n t  is  some way behind at p o s it io n  3.
The 2-D image took 4.5 hours to acquire. The f low  was stopped fo r  
th is  period to ensure the f lu id s  did not move and 'b lu r '  the image. 
I t  is l i k e l y  th a t the f l u id  w i l l  r e d is t r ib u te  in th is  time due to
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FIGURE 6.5 GLASS BEAD PACK INJECTED WITH SEVERAL PV WATER FOLLOWED 
BY 45% PV N-DECANE
(a) Total f l u i d  p r o f i le  (b) Oil p ro f i le  (c) Water 
P ro f i le  (d) Total F lu id  Map (e) Oil Map ( f )  Water 
Map
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FIGURE 6.6 EXAMPLE CHEMICAL SHIFT SPECTRA FROM THE 2-D CHEMICAL 
SHIFT IMAGE OF OIL AND WATER DISTRIBUTED IN A GLASS BEAD 
PACK
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c a p i l la r y  fo rces. However, l-D  imaging took only 4.5 minutes which 
is quick enough to monitor an in je c t io n  f r o n t  in rea l time.
6 .3 .3  Immiscible f l u id  f low  in Portland Limestone core plugs
The preceding two sections have v e r i f ie d  the CSI technique is  able 
to  d isc r im ina te  o i l  from water in model systems. The next step was 
to  determine sa tu ra tion  d is t r ib u t io n s  during displacements in real 
core plugs. The core plugs were coated in a ra ld i te  and vacuum 
saturated, (chapter 4).
The water p ro f i le s  determined by 1»D CSI fo r  a decane saturated core 
plug in jec ted  w ith  water are shown in Figure 6.7. The water signal 
p ro f i le s  are given at various time po in ts . The o i l  s ignal p ro f i le s  
can be p lo t te d  in a s im i la r  manner. The ra t io  o f o i l  to  water at 
each p ixe l can be ca lcu la ted  (a f te r  scaling the data fo r  any 
d if fe rence  in re la t io n  times and proton dens it ies  o f the two 
f l u id s ) .  Since, S0 + Sw = 1 the water and o i l  sa tu ra tions can be 
ca lcu la ted . The sa tu ra tion  p ro f i le s  ( sa tu ra tion  verses d istance) 
Sw(x) and S0(x) can be p lo t te d  by scaling the p ixe l size to 
m i l l im e t re s .  Example traces are shown in Figure 6.8.
A f te r  the f lood  f ro n t  had swept the core the pump was stopped and 
the 2-D CSI image was taken. The re s u lt in g  o i l  and water maps are 
shown in Figure 6.9. The o i l  d is t r ib u t io n  is  qu ite  uniform compared 
to  the water d is t r ib u t io n  which was channelled (W illiams 1991b).
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FIGURE 6.7 WATER INJECTION PROFILES FOR PORTLAND LIMESTONE CORE 
PLUG INITIALLY VACUUM SATURATED WITH N-DECANE DERIVED 
FROM ONE DIMENSIONAL CHEMICAL SHIFT IMAGING
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FIGURE 6.8 WATER SATURATION PROFILES FOR PORTLAND LIMESTONE CORE 
PLUG INITIALLY VACUUM SATURATED WITH N-DECANE DERIVED
FROM ONE DIMENSIONAL CHEMICAL SHIFT IMAGING
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FIGURE 6.9 EXAMPLE OF THE FLUID DISTRIBUTIONS FOR WATER DISPLACING 
DECANE IN A PORTLAND LIMESTONE CORE PLUG
(a) Oil map (b) Water Map
This experiment was repeated w ith another plug cut from the same 
rock sample. This time the o i l  used was l ig h t  p a ra f f in .  Again a 
water f ro n t  was c le a r ly  followed moving down the core plug 
d isp lac ing o i l .  Several Pore Volumes (PV) of water were in jected . 
This was followed by in je c t in g  several PV of o i l .  The water flood 
experiment was repeated as before and the flood progress monitored. 
This time the water was d isp lacing o i l  w ith an i n i t i a l  water 
sa tura tion  present. Unlike the previous te s t a steep water f ro n t  
was not detected w ith the 1-D p ro f i le s .  The 2-D maps showed the 
water had followed previous channelling routes, although the flow 
did appear to be more d if fu s e .  This can be explained i f  i t  is
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assumed th a t the i n i t i a l  water sa tu ra tion  was mobile in the pore 
space. The re la t iv e  perm eab il i ty  to water would then be non-zero, 
so th a t a s ta t ic  f lood  c a p a b i l i ty  would e x is t  to move water through 
the pore space (W illiams 1991a).
The flood  was continued to the res idua l o i l  sa tu ra t ion . The 
channelling was not a lte red . A polymer (400 ppm Xanthan) EOR sweep 
was attempted. Images showed possible water bank formation, but the 
in te rp re ta t io n  o f the data was sub jec tive .
To avoid p ixe l b lu r r in g  in th is  64 p ixe l image the 1-D technique is 
l im ite d  to  a maximum flow  ra te  of approximately 14 cm/day, i f  the 
water in the core has a Tj o f 1500 ms. Techniques such as FLASH 
imaging would a llow th is  ra te  to  be increase (Haase 1986).
6.4 RELATIVE PERMEABILITY, FRACTIONAL FLOW AND CAPILLARY PRESSURE 
GRADIENTS DERIVED FROM MRI
6.4.1 In troduc tion
The ob je c t ive  of th is  section of work was to apply the NMR f l u id  
sa tu ra tion  measurements d i r e c t ly  to the measurement o f petroleum 
engineering parameters and in p a r t ic u la r  to determine, and compare 
r e la t iv e  perm eab il i ty  and f ra c t io n a l  f low  curves derived from MRI 
w ith  conventional core analys is methods.
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The 1-D CSI technique was used to determine the sa tu ra t ion  o f o i l  
and water during a displacement experiment. The sa tu ra tion  re su lts  
were also used to describe the size of the c a p i l la r y  pressure 
grad ien t during f lo o d in g . The l im i ta t io n s  o f the cu rren t MRI 
re s u lts  and p ra c t ica l d i f f i c u l t i e s  o f the f lood ing  experiments are 
discussed.
6 .4 .2  Theory
Standard analysis methods (section 2.10) can be used to  derive the 
f r a c t io n a l  f low  curve and re la t iv e  perm eab il i ty  func tions  fo r  the 
core f loo d  from pressure, time, and volumetric measurements (Archer 
1986, Craig 1971, Dake 1978). In the ca lcu la t ions  based on the 
Buckley Leverett theory i t  is genera lly  assumed th a t c a p i l la r y  
pressure terms do not co n tr ib u te .
The 1-D CSI experiment can provide new in formation. The sa tu ra tion  
p ro f i le s  Sw(x ) ,  S0(x) can be determined from the o i l  and water 
s ignal p ro f i le s .  Sw(x) is the amount of water divided by the amount 
o f o i l  + water, at po s it io n  x. This can be evaluated from the CSI 
p ro f i le s  since the NMR s igna ls  are proportiona l to  the o i l  and water 
content. To in te rp re t  th is  new sa tu ra tion  data Sw(x) from the CSI 
experiment the f ra c t io n a l  f low  equation (6.1) was evaluated 
num erica lly  (Enwere 1991).
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The f i r s t  step in th is  process was to rearrange the Buckley-Leverett 
f low  equation 2.12,
d f * ft
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x Sw
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For Swf < Sw < l -S or . Using the Welge equation 2.14
w I Sw
d fKFv
~ fs .
6 .3
Sw
The p o s it io n  X of sa tu ra tion  Sw was determined by converting the 
length in p ixe ls  to  the length in m il l im e tres  using a 1-D CSI 
experiment on a te s t  ob jec t. The cross sectional area A, p o ros ity  
<j) o f the core, and cumulative water in je c t io n  W1 were measured. The 
average water sa tu ra tion  Sw was ca lcu la ted  from 6.4.
S.. - f i r ,
w.
6 .4
Equation 6.3 describes the f ra c t io n  o f water f low ing  at a given 
sa tu ra t ion , th a t  is  , the f ra c t io n a l  f low  curve.
Once the f ra c t io n a l  f low  curve has been evaluated fo r  Swf < Sw < l -S or 
the re la t iv e  pe rm eab il i t ies  can be ca lcu la ted using the JBN 
(Johnson, Bossier and Neumann) equation 6.5.
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Further, the sa tu ra tion  measurements can give a measure o f the 
c a p i l la r y  forces (versus viscous fo rces) in the f r a c t io n a l  f low  
equation 6.1. Since the c a p i l la r y  pressure gradient may be w r i t te n ,
BPr dPr BS„ 5 - — 5____ - 6.6
dx dS„ dx
a  func tion  o f Sw can be f i t t e d  to the Sw(x) data, and th is  
d i f fe re n t ia te d  and numerica lly  evaluated. The c a p i l la r y  pressure 
Pc(Sw) is  obtained in the core labora tory  from an im b ib it io n  curve. 
The Pc(Sw) data can also be f i t t e d  to func t ion , which may be 
d i f fe re n t ia te d  and num erica lly  evaluated, ( in  the experiment studied 
both curves were found to be second o rder) . Once the d e r iva t ive s  
have been ca lcu la ted  the c a p i l la r y  pressure dPc/8x term can be 
ca lcu la ted from equation 6.6, fo r  each po in t behind the f r o n t .  The 
c a p i l la ry  pressure can then be compared to the viscous fo rce  dp/dx.
6.4 .3  Experiment
A dry Portland limestone core was soaked in water f o r  4 weeks to 
ensure i t  was water wet. The perm eab il i ty  was measured k = 40 md 
and po ros ity  <j> = 0.15. The water content was reduced to  connate 
water sa tu ra tion  Swc = 0.25 by ce n tr i fu g in g  and resaturated w ith  n~ 
decane using a vacuum pump. The e f fe c t iv e  pe rm eab il i ty  to  o i l  was
measured Keo = 22 md. The o i l  was then displaced at a constant f low  
ra te  o f 0.3 cm3/h r  (approx 0.1 PV/hr) equiva lent to  0.15 meters/day 
l in e a r  v e lo c i ty .  P ro f i le  number 1 was obtained when 0.16 PV of 
f l u i d  had been in jec ted  in to  the core. The flood  was stopped fo r  18 
hours a llow ing fo r  c a p i l la r y  r e d is t r ib u t io n ,  then re s ta r ted  w ith  Swi 
= 0.41. The second p r o f i le ,  number 2 was obtained a t water 
breakthrough corresponding to  in je c t io n  o f 0.2 PV.
The sa tu ra tion  po ints and f i t t e d  curves are shown in Figure 6.10. 
The curves were f i t t e d  using the la s t  squares method,
P ro f i le  1;
Sw -  0 .0 4 6 9 X 2 -  0 .1 8 4 5 X  + 0 .71 88  6 .7
P ro f i le  2;
S -  0 .0 2 8 9 * 2 -  0 .2 0 2 2 X  + 0 .6 97 7  6 .8W
A fte r  the f i r s t  stage o f f lood ing  ( p r o f i le  1) the f lood  f ro n t  
p o s it io n  was estimated by NMR y ie ld in g  x f  = 1.786 cm and Swf = 0.53.
A s im ula tion  based on Buckley-Leverett theory was used to  ca lcu la te  
the expected one-dimensional sa tu ra tion  p r o f i le  using the endpoint
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FIGURE 6.10 WATER SATURATION PROFILES
a) A f te r  0.16 PV p r o f i le  1
b) At breakthrough p r o f i le  2
The water sa tu ra tion  value is  ca lcu la ted by d iv id in g  
the water s ignal value by the sum of the o i l  and water 
s ignals a f te r  sca ling  fo r  d if fe rences in re la xa t ion  
times.
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sa tu ra tions  Sw1 and 1 - Sor, (Sor is  the residual o i l  s a tu ra t io n ) .  
Figure 6.11 compares the th e o re t ica l  and measured curves. Some 
s im ula tion  runs were conducted inc lud ing  c a p i l la r y  pressure Pc w ith  
maximum values 0.5, 1.0 and 10 p s i.  The average sa tu ra tion  Sw was 
ca lcu la ted  from 6.4. The f lo o d  experimental and th e o re t ic a l  f lood  
c h a ra c te r is t ic s  are compared in Table 6.2.
TABLE 6.2 
FLOOD CHARACTERISTICS
____________________ Syf_________xf/cm__________ 5__________
Experiment 0.53 1.786 0.6
C a lcu la t ion  (a) 0.55 1.886 0.58
(b) 0.45 1.886 0.58
fo r  (a) Pc = 0 p s i,  (b) Pc = 10 psi
The re la t iv e  pe rm eab il i ty  curves ca lcu la ted from the labora tory 
waterflood h is to ry  and the f ra c t io n a l  f low  curve are also shown in 
f ig u re  6.13. The shapes o f the re la t iv e  perm eab il i ty  curves were 
adjusted using a s im ula tor C0RISM in a h is to ry  match procedure 
(Enwere 1991). The r e la t iv e  perm eab il i ty  and f ra c t io n  f low  curves 
p lo t te d  from the NMR data are also shown in f ig u re  6.13 fo r  
comparison.
The c a p i l la r y  pressure gradient dPc/dx before breakthrough was 
ca lcu la ted  as described in section 6 .4 .2 . The c a p i l la r y  pressure
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FIGURE 6.11 MATER SATURATION PROFILE 1 AFTER 0.16 PV WATER INJECTED
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FIGURE 6.12 FLUID INJECTION (IMBIBITION) PRESSURE DROP RESPONSE DATA
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Relative  pe rm eab il i ty  curve
+■ ® derived from measured saturation profile 
— derived from core flood data
FIGURE 6.13 COMPARISON OF FRACTIONAL FLOW AND RELATIVE PERMEABILITY 
CURVES DERIVED FROM MEASURED SATURATION PROFILES AND 
CORE FLOOD DATA
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versus sa tu ra t ion  curve was determined fo r  the core by measuring the 
pressure required to  displace water. This data was f i t t e d  to  a 
second order equation and numerica lly  d i f fe re n t ia te d .  The c a p i l la r y  
pressure grad ien t dPc/dx was determined by evaluating equation 6.6. 
I t  increased from 0.02 to 0.15 atm/cm w ith  increase in Sw behind the 
f r o n t .  The viscous pressure gradient was smaller, i t  increased from 
0.001 to  0.026 atm/cm behind the f r o n t  (Enwere 1991).
6 .4 .4  Discussion
The NMR re s u lts  have been used to ca lcu la te  re la t iv e  pe rm eab il i ty  
curves and f ra c t io n a l  f low  curve over a re s t r ic te d  sa tu ra tion  range 
Swf < Sw < SUSor. The re su lts  are in agreement w ith  conventional 
methods. However the deconvolution o f the o i l  and water l ines  was 
in se n s it ive  to  sa tu ra tion  o f < 0.3. The s e n s i t iv i t y  o f the 
technique is  not l in e a r  w ith  sa tu ra t ion . For these ca lcu la t io n s  an 
approximation was adopted; sa tu ra tions < 0 . 3  could not be detected 
and those > 0.3 could be. This meant th a t S0 + Sw * 1 f o r  a l l  cases. 
The rock core type selected had a p a r t ic u la r ly  narrow l in e  w id th . 
Most other cores, sandstones in p a r t ic u la r  would be worse. The 
inversion recovery technique or the H ors f ie ld  (1990) chemical s h i f t  
imaging methods would perhaps be more se ns it ive . There is  always 
the p o s s ib i l i t y  o f using f lu o r in a te d  o i l s  which would give 
unambiguous d is t in c t io n  from water, however most are to x ic  and have 
d i f fe re n t  dens it ies  compared to hydrocarbons.
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Accuracy could be improved using a phantom fo r  c a l ib ra t io n  (chapter 
5). I t  is  qu ite  possib le th a t the local magnetic s u s c e p t ib i l i t y  
v a r ia t io n s  may d isplace signal from appropriate p ixe ls  causing the 
measured sa tu ra tion  p r o f i le  to be inco rrec t.  The re su lts  could be 
improved by increasing the size o f the core plug. The pressure drop 
across the core would be la rger and thus could be measured more 
accura te ly . This would requ ire  a la rger magnet bore and rad io 
frequency c o i l .
6.5 CONCLUSIONS
To d is t in g u ish  o i l  from water in rock core plugs by MRI i t  is  
important to se lec t a con tras t method appropriate to the f l u id s ,  and 
rock. Inversion Recovery was successfu lly  applied to l ig h t  p a ra f f in  
and water in Lochaline sandstone. The method id e n t i f ie d  o i l  bank 
formation in a 10,000 ppm polyacrylamide EOR displacement.
For Portland limestone the Chemical S h i f t  Imaging technique (CSI) 
was more appropria te . Saturation d is t r ib u t io n s  under s ta t ic  and 
flow ing  condit ions were monitored.
For the f i r s t  time the f l u i d  sa tu ra tion  d is t r ib u t io n s  from the CSI 
method were used to ca lcu la te  r e la t iv e  perm eab il i ty , f ra c t io n  f low , 
and c a p i l la r y  pressure gradients . These compared favourably to  
conventional analysis methods.
170
CHAPTER 7
MISCIBLE DISPLACEMENT EXPERIMENTS IN SANDSTONE CORES
7.1 INTRODUCTION
The fo l lo w in g  experiments had two ob jec tives ; to prove the v i a b i l i t y  
o f the d isc r im ina t ion  o f t e r t i a r y  chemicals and t e r t i a r y  chemical 
so lu t ions  during displacement experiments, and secondly to  extend 
these new techniques to  measure conventional Petroleum Engineering 
parameters.
The next section (7 .2 ) describes the d isc r im ina t io n  o f t e r t i a r y  
chemical so lu t ions in H20 d isp lac ing  H20. Section 7.3 covers 
t e r t i a r y  chemical so lu t ions  in D20 d isp lac ing  D20. The b ene f its  o f 
each approach are evaluated. F in a l ly  in section 7.4 t e r t i a r y  
chemical so lu t ions in H20 d isp lac ing  D20 are described. This la s t  
approach re su lts  in a descr ip t ion  o f the viscous versus g ra v ity  
fo rces during a core displacement. A mathematical model o f the 
displacement process is  constructed, from which core pe rm eab il i ty  
and f l u i d  v is c o s i t ie s  are determined. The re su lts  are compared J&v 
those from conventional core analysis methods.
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7.2 DISCRIMINATION OF TERTIARY CHEMICALS IN H20 DISPLACING H20.
The experiments conducted in chapter 5 on EOR chemicals in Lochaline 
sandstone concluded th a t su rfac tan ts , alcohols and polymers a t low 
concentration in H20 could not be d is t ingu ished from H20 w ith  the 
e x is t in g  equipment. However NMR measurements o f polyacrylamide 
so lu t ion  at high concentrations (10,000 ppm) in Lochaline sandstone 
showed th a t i t  was possib le  to d is t ing u ish  polymer so lu t ion  from 
water on the basis o f Tx re laxa tion  (Table 5 .7 ) .  A displacement 
experiment was conducted on a Lochaline sandstone core plug using 
the spin-warp, invers ion recovery (IR) imaging sequence, w ith  echo 
time o f 40 ms. Figure 7.1 shows two images (from a set o f 12) o f
10,000 ppm polyacrylamide so lu t ion  (3.2% asw) d isp lac ing  water (3.2% 
asw), at an in je c t io n  ra te  o f 0.7 cc /h r .  The water signal was 
nu lled  w ith  an invers ion time l x = 1050 ms and the polymer so lu t ion  
s ignal nu lled  w ith  J x = 900 ms. The v is c o s i ty  o f 10,000 ppm polymer 
so lu t io n  is  o f order 150+ centipo ise (cp), and the displaced water 
1 cp cen tipo ise . Both so lu t ions  have s im ila r  d e ns it ie s ,  the density  
o f the 10,000 ppm polyacrylamide so lu t ion  is = 1.018 g/cm3. The 
images show th a t the displacement is c le a r ly  p is to n - l ik e  as expected 
(Archer 1986).
In th is  method the con tras t between the two f lu id s  is  a func tion  of 
polymer concentra tion . At lower polymer concentrations less 
con tras t is  achievable. Such high concentrations are ra re ly  used in 
polymer f lood ing  EOR schemes. However, th is  method may be useful to
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FIGURE 7.1 INVERSION RECOVERY IMAGES SHOWING 10.000 PPM
POLYACRYLAMIDE (asw) DISPLACING WATER (3.2% asw)
Ti = 1050ms n u lls  the water s ignal.S I ice se lec t ive  
images f low  r ig h t  to l e f t  0.71 cc/hr.
(a) A f te r  1 hour
(b) A fte r  4 hours 20 minutes
study adsorption, ie . the loss o f polymer from the in jected 
so lu t io n .
7.3 DISCRIMINATION OF TERTIARY CHEMICALS IN D20 DISPLACING D20.
7.3.1 Experiment
The ob jec tive  of these experiments was to determine whether i t  was 
possible to id e n t i fy  t e r t i a r y  chemicals d i re c t ly  by replacing water 
w ith  D20 in m iscib le  displacements. The conclusions from chapter 5 
showed surfac tan t and bu ty la lcohol could be d iscrim inated in bulk. 
For th is  study a core was f i r s t  saturated with D20 which was 
displaced by su rfac tan t, polymer (600 ppm), and alcohol in
successive imaging experiments. The injection rate was 0.7cc/hr.
In the f i r s t  stage o f the experiment 2% NaDBs in  99.9% D20 was 
in jec ted  in to  the core plug. Progress o f the su r fac ta n t molecules 
was monitored w ith  a modified spin-echo sequence and an echo time of 
10 ms. The imaging sequence was not s l ic e  se le c t ive  so the image 
in te n s i ty  corresponds to  a 2-D p ro jec t ion  of a l l  the su r fac tan t in 
the core. The re p e t i t io n  time Tr was 100 ms, number o f averages 48, 
g iv ing  an imaging time o f 10 minutes. Exce llen t re su lts  were 
obtained. Two images from the set o f 22 (Figure 7.2) c le a r ly  show 
p iston l ik e  displacement w ith  these f lu id s  which have dens ity  ra t io  
close to u n ity .
The su rfac tan t displacement was fo llowed by 600 ppm polyacrylamide 
in D20. The polymer so lu t io n  had no s a l t  added so i t s  v is c o s i ty  was 
qu ite  high, o f order 20 cs t.  The same imaging technique was used as 
the NaDBs displacement, but the f low  ra te  was increased to  1.5 
m l/h r .  The displacement f r o n t  was cusped. Progress through the 
centre o f the core plug was slower than the upper and lower regions. 
Two example images from the set o f 9 are shown in Figure 7.3. The 
displacement was e f f i c i e n t ,  a l l  the su rfac tan t chemical was 
displaced by the polymer.
The polymer displacement was chased w ith  2% NaDBs in D20. The same 
imaging procedure was adopted as de ta iled  above. The in je c t io n  ra te  
was 1.5 cc /h r .  A f te r  less than 0.5 cc had been in jec ted ,
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(a) (b)
FIGURE 7.2 SPIN ECHO IMAGES SHOWING *H IN 2% NaDBs SOLUTION IN D,0 
DISPLACING DoO IN A LOCHALINE CORE PLUG
Flow ra te  0 .7cc/h r r ig h t  to l e f t ,  Av = 48, imaging time 
lOmins, reso lu t io n  128*128, not s l ice  se lec t ive , Te=10ms
(a) 26 mins
(b) 3 hrs 11 mins a f te r  s ta r t  of in je c t io n .
(a) (b)
FIGURE 7.3 SPIN ECHO IMAGES SHOWING *H IN 2% NaDBs SOLUTION IN D,0 
BEING DISPLACED BY 600ppm POLYACRYLAMIDE IN D,0 IN A 
LOCHALINE CORE PLUG
Flow ra te  1 .5cc/hr r ig h t  to l e f t ,  image parameters as in 
f ig u re  7.2
(a) 1 hr 18 mins
(b) 2 hrs 35 mins a f te r  s ta r t  of in je c t io n .
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(a) (b)
FIGURE 7.4 SPIN ECHO IMAGES SHOWING ]H IN 2% NaDBs SOLUTION IN D,0 
DISPLACING 600ppm POLYACRYLAMIDE IN D,0 IN A LOCHALINE 
CORE PLUG
Flow ra te  1.5cc/hr r ig h t  to l e f t ,  image parameters as in 
f ig u re  7.2
(a) a f te r  0.5 cc,
(b) 2.5 cc o f in jec ted  f l u id .
(a) (b)
FIGURE 7.5 SPIN ECHO IMAGES SHOWING lH IN 2% NaDBs SOLUTION IN D,0 
IN A LOCHALINE CORE PLUG (CONTAINING POLYACRYLAMIDE) 
BEING DISPLACED BY 1% BUTYLALCOHOL
Image parameters as in f ig u re  7.2, flow rate 1.5cc/hr
(a) 1 hr 35 mins,
(b) 6 hrs 20 mins a f te r  in je c t io n .
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corresponding to  less than 15% of the Pore Volume, breakthrough was 
observed, w ith  v i r t u a l l y  no detectable concentration o f su rfac tan t 
w ith in  the core plug. Surfactant was observed at the o u t le t  face 
Figure 7.4 (a ) .  The experiment was continued w ith  a series o f 8 
images. Figure 7.4 (b) shows the d is t r ib u t io n  of su r fac tan t 1 hour 
40 minutes la te r .  The su rfac tan t d is t r ib u t io n  can be c le a r ly  seen 
as a cone shape ins ide  the core plug, w ith the sharp po in t o f the 
core at the in je c t io n  po in t,  the base a t the o u t le t  p o r t .  The f i r s t  
image shows the displacement is  very poor. I t  is  l i k e l y  th a t 
su rfac tan t has f ingered through the polymer so lu t io n  in f in e  
fi lam ents  w ith  volume concentration so low th a t the signal was not 
detectab le. The su rfac tan t then d if fu se d  from these f in e  channels 
sideways in to  the surrounding polymer so lu t ion  due to the 
concentration g rad ien t. The d is t r ib u t io n  of f i lam en ts  can be 
in te rp re ted  from the pattern of the d i f fu s in g  su rfac tan t Figure 
7 .4(b) which shows i t  was cone shaped.
F in a l ly ,  1% bu ty la lcoho l in D20 was in jec ted  in to  the sample at 1.5 
m l/h r . The core contained polymer and surfac tan t so these re su lts  
must be compared to  Figure 7.4 (a) and (b) o f the surfac tan t 
displacement. Figure 7.5 shows two images from the set o f 13 tha t 
were taken (a) a f te r  1 hour 35 minutes, (b) 6 hours 20 minutes la te r  
which corresponds to three Pore Volumes o f in jec ted  f l u i d .  The 
su rfac tan t is  s t i l l  res iden t in the la s t  image . F ingering of the 
alcohol through the rock fo llowed by d i f fu s io n  of the NaDBs in to  the 
alcohol is  probably s t i l l  the f low  process.
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7.3.2 Discussion
Replacing a l l  the H20 w ith  D20 in these displacements has enabled the 
NMR imaging method to  observe the t e r t i a r y  chemical molecules o f 
NaDBS su rfac tan t d i r e c t ly  and d e ta i l  concentration gradients w ith in  
the cores. The J 1 o f 70 ms fo r  NaDBS was short enough fo r  48 
averages to be co lle c ted  fo r  each image in 10 minutes.
These displacements were dominated by poor e f f ic ie n c y  and d i f fu s io n  
ra th e r than displacement e f fe c ts .  The notable fea tu re  o f the MRI 
experiment compared to  X-ray CT methods Hove (1988), Sorbie (1987 a, 
b, 1989) is th a t the t e r t i a r y  chemical is  seen d i r e c t ly  and 
s p e c i f ic a l ly .  Radioactive isotope la b e l l in g  has also been used to 
observe the movement o f t e r t i a r y  f lu id s .  NMR is c le a r ly  a v iab le  
a l te rn a t iv e .
The e x is t in g  equipment is  not best su ited fo r  short echo 
experiments. Te = 10ms is  the best achievable and thus a large 
amount o f s ignal is  lo s t  w ith  TL =70 ms. For q u a n t i ta t iv e  work Te < 
4 ms is  e s s e n t ia l .
The p r in c ip le  o f using MRI to study t e r t i a r y  chemicals in D20 could 
be applied to monitoring absorption, re te n t ion  and degradation of 
su rfac tan ts  and co -su rfac tan ts  in cores.
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7.4 VISCOUS, GRAVITY FORCE INTERACTIONS USING H20 AND D20 SOLVENTS
7.4.1 I n i t i a l  studies
In the fo l lo w in g  experiments NMR imaging was used to  evaluate the 
in te ra c t io n  of viscous and g ra v ity  forces in m isc ib le  displacements. 
The method is expanded in the next section to  measure rock 
pe rm eab il i ty  and f l u i d  v is c o s i ty .
Experiments were conducted w ith  aqueous (1H) polymer so lu t ions  in
various displacements w ith  D20. Lochaline sandstone core plugs were
selected and mounted in heat shrink f low  c e l ls .  The !H imaging spin
echo technique gave exce lle n t d isc r im ina t ion  o f the f ro n t  w ith  an
aVioncT
echo time of 40 ms. The e f fe c t  o f the g ra v i t '  versus viscous forces 
was investiga ted  by a l te r in g  the density , and v is c o s i ty  ra t io s  o f 
the two f lu id s  ( in je c te d  and displaced) keeping the in je c t io n  ra te  
constant a t 0.7 cc /h r .  D20 is  10% heavier than H20, s a l t  can also be 
added to  one or other to  increase/decrease the density  d if fe re n ce . 
Polyacrylamide at 1500 ppm (3.2% asw) has a v is c o s i ty  in the range 
4 - 9 cp (A l l ie d  C o l lo ids , 1990). The v is c o s i ty  o f water and D20 is
1.0 cp. To i l l u s t r a t e  the balance o f these forces consider water 
d isp lac ing  D20 as an example. Water is  10% l ig h te r  than D20 so i t  
w i l l  r is e  (overr ide ) during the displacement. The f lu id s  have the 
same v is c o s i ty  so the f r o n t  between the two f lu id s  would not be 
c le a r ly  defined. The displacement would be in e f f i c ie n t .
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The *H imaging on ly  v isua lises  the H20 so lu t io n . An angle 0 between 
the displaced and d isp lac ing  f lu id s  is  c le a r ly  seen, Figure 7.6. The 
angle was monitored fo r  d i f fe re n t  v is c o s i ty  and density  ra t io s .  
Example images from the sets taken are shown in Figure 7.7, and 
displacement parameters in Table 7.1.
The sweep e f f ic ie n c y ,  the r a t io  o f the volume o f in jec ted  f l u i d  to 
the volume of pores swept, can be ca lcu la ted from the swept area 
shown in the image, i f  the in je c t io n  time, the f low  ra te ,  core 
po ros ity  and volume are known.
Figure 7 .7 (c) shows a r t i f i c i a l  sea water (asw) d isp lac ing  D20 (asw) 
in Lochaline sandstone. The displacement angle was 18°, and the
FIGURE 7.6 THE ANGLE QF THE MISCIBLE FLUID FRONT
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(C) (d)
FIGURE 7.7 IMAGES SHOWING AQUEOUS PHASE *H IN DISPLACEMENTS WITH D,0
Displacements from r ig h t  to l e f t  at 0 .7cc/h r, Te = 40ms
(a) 1500 ppm polyacrylamide (asw) d isp lacing D20 (asw) 
viscous co n tro l,  g ra v ity  override,
(b) D20 (asw) d isp lac ing 1500 ppm polyacrylamide (asw) 
viscous co n tro l,  g ra v ity  underride,
(c) H20 (asw) d isp lac ing D20 (asw), no viscous contro l
(d) 1500 ppm polyacrylamide (asw) + NaCl d isp lacing D20 
(asw), balanced density, viscous con tro l.
181
Oh
UJ
CQ
<
r—-
LQ033D
CD
>—4
u_
23i—l
•zz
3
o3300
I—23
U J
SL»—4
0 3
UJ
Cl .
X
UJ
0 3
O
IV
oo
o
*=c
0 3
CO
o
o
CO
o
y
<C
> -
UJ
Q
CO
UJ
CD
ZL
<
o
Q_CO
Q
CO
o
3D
—J
U_
co
LO
CO
UJ
Q
OJ
+1
CD
CU
CD
{3
<c
■x
+J O
• r— • r—
tO 4-J 
O  03 
O  S- l/l
4-J o
LO 4-J 
C3 03 
CU 5 -  
Q
-a >1
cu 4-J
a -r—
03 L0
r— £3
CL CU
LO -a
•r—
a
-a• i— cu
33 CL
r—
u_ 4-J
X J > >  
* i 4-J 
33 * r -
i  LO
LU C3 
<U
c d -a
C3
a
03
Q - <U 
LO C3L
>5
a  4-J
4-J
C3
cuE
cu
a
03
CO­
CO
• I—
o
CO
OJ
o
in
coCD
CXD
CD
ro
o
OJ
a
•=3*
OJ
o
•X
■X
o
03
>5
o
a_
CD
ro
o
00
o
CD
O
CD
O
O
CM
3E
O
CD
CD
CD
CD
O
■3- CD CDOJ CO CO
o r-H r-H• • •r-H t-H rH
*•Xo
03>,1 o oO cvj CM
Cl_ Q
OJ CO
ro roCD r4
-X
■X
•Xu
03>5
O
Q-
03 a T3J
OJ
CO
-a
cu4-J
03E
• r—
+JL0
cu
cuu
03
LO
CU
33
03>
E
Q -C3L
CD
OUD
CU-a
E
03
r>)
S-o
03
O
a_ P
ol
ya
cr
yl
am
id
e 
15
00
 
ppm
 
+ 
Na
Cl
 
(b
al
an
ce
d 
de
ns
ity
)
density  r a t io  0.906. The water (asw) only displaced 61% of the Dz0 
(asw) from the pores swept. In EOR terms th is  was an unstable 
displacement w ith  ove rr ide , and o f l i t t l e  use fo r  re se rvo ir  
displacements. The buoyancy is not balanced by the viscous re s is t iv e  
fo rce .
Increasing the v is c o s i ty  r a t io  between the d isp lac ing  and displaced 
f lu id s  slowed down the ra te  o f progress through the core. The 
displacement angle was increased to  29° and the sweep e f f ic ie n c y  
increased to >95% Figure 7 .7 (a ) . Adding the polymer has s ta b i l is e d  
the f r o n t .  The viscous resistance is  h igher, comparable to the 
buoyancy.
Reversing the dens ity  r a t io  causes underride, Figure 7 .7 (b ),  
(polymer was used fo r  viscous c o n tro l) .  Figure 7 .7(d) shows a 
p is to n - l ik e  displacement. I t  was achieved w ith  a u n ity  density  
r a t io  and p o s it ive  v is c o s i ty  ra t io .  The dens it ies  were adjusted by 
adding more s a l t  to  the d isp lac ing  polymer.
From an EOR po in t o f view these experiments demonstrate the override 
and underride e f fe c t  in m isc ib le  displacements in homogeneous core 
plugs. A s im ila r  method was adopted fo r  X-ray v is u a l is a t io n  by 
Sorbie 1989 using sodium iodide fo r  image con tras t. This balanced 
density  method was an improvement on e a r l ie r  work by Hove 1988.
The NMR technique is  more se ns it ive  than the X-ray CT methods, i t
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o f fe rs  c lea re r d isc r im ina t ion  since the rock core and one o f the 
f lu id s  are not detected, they are completely ' i n v i s i b le ' .
In conclusion then; 1500 ppm polyacrylamide e f f i c i e n t l y  d isplaces 
D20 in Lochaline core plugs at Q = 0.7 cc /h r .  The balance o f viscous 
against g ra v ity  forces gives a displacement angle 9 which can be 
measured w ith  reasonable accuracy.
7.4 .2  Measurement o f core perm eab il i ty  and f l u id  v is c o s i ty
The in te r fa ce  angle 0 in section 7.4.1 is  c le a r ly  a measure o f the 
r e la t iv e  strength o f the g ra v ita t io n a l  and viscous fo rces. I f  0 is 
measured, and the v is c o s i t ie s  and dens it ies  o f the f lu id s  known, 
then i t  should be possib le to determine the core perm eab il i ty  from 
the viscous res is tance . S im i la r ly ,  w ith  a f l u id  o f unknown 
v is c o s i ty  and core o f known perm eab il i ty  i t  would be possib le to 
ca lcu la te  the v is c o s i ty  o f the f l u id .  This new approach is 
p a r t ic u la r ly  useful fo r  polymer f lo o d in g . Conventional shearing 
methods o f v is c o s i ty  measurement cannot be d i r e c t ly  converted to 
core f l u i d  v is c o s i ty  as the shear ra te  is dependant on core 
p ropert ies  and f lo o d in g  ra te .
To ca lcu la te  the perm eab il i ty  and v is c o s i ty  from angle 0 a 
mathematical model o f the displacement has been constructed.
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7.4.3 Theoretical description
Figure 7.8 is  a cross sectiona l view through a c y l in d r ic a l  core 
during m isc ib le  displacement. F lu id  2 w ith  density  p2 and v is c o s i ty  
|x2 is  in jec ted  in to  the core a t a ra te  Q cc /h r d isp lac ing  f l u id  1 
w ith  density  px and v is c o s i ty  |xx. Let px > p2 and m < p,2. G ravity  
acts downwards and applied pressure forces f l u id  r ig h t  to  l e f t .  At 
t  = 0 in je c t io n  is  s ta r ted  and the l ig h te r  f l u id  en ter ing  the core 
experiences up thrust and r is e s ,  because (p2 - p jg  is  negative. The 
in jec ted  f l u id  s ta r ts  i t s  sweep of the core from the upper r ig h t  
hand corner 1X1. The forward movement through the rock generates 
a re s is t iv e  fo rce  F^  due to  the core perm eab il i ty . The re s is t iv e  
back pressure experienced a t X increases as the more viscous f l u id  
sweeps fu r th e r  in to  the core. This causes a d r iv in g  pressure 
downwards against the up th rus t. From time t  = t x the in c l in a t io n  0 
o f the f r o n t  between the two l iq u id s  remains constant as the core is 
p a ra l le l  sided.
Figure 7.9 represents the f lood  f r o n t  at time t  = t 2. Consider the 
rectangle a ,b ,c ,d  and in te r fa ce  angle 0. The length 'ac ' is L and 
the core diameter 2 r. Then the to ta l  upthrust pressure is ,
APP “ 2-r(P2"pi) 9  7-1
I t  is  counteracted by the down force exerted by the viscous 
res is tance. The to ta l  viscous resis tance is derived from Darcy's 
law 7.2.
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However in the region a ,b ,c ,d  h a lf  o f the f l u id  has v is c o s i ty  and 
h a lf  |x2. The average v is c o s i ty  is (jxj + |x2)/2  and may be substitu ted  
fo r  fx in 7.2. For proof re fe r  to Appendix 1. Rearranging 7.2 the 
viscous back pressure can be w r i t te n ,
Equating 7.2 and 7.3 and noting the sign change fo r  down fo rce ,
Since tanO = 2 r / l  the perm eab il i ty  k may be expressed as;
This expression is independent o f 1 and r  which shows angle 0 is 
independent of the size of the sample fo r  the same in te rna l f low  
v e lo c i ty .  Also note th a t i t  is  extremely sen s it ive  to small changes 
in the f l u i d  density  i f  dens it ies  are s im i la r .
The u n its  used in the Darcy equation are atmospheres, grammes, 
centimetres and seconds. The conventional u n i t  o f pre^vrS is the 
Pascal, the fo l lo w in g  conversion is required.
A p 7 .3
k  _ Q ( R A M
(p^-p 2 ) C Ot0 7 .5
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106.Q[cjnVsec] (^[cpj+ki [cp] )cote7c[d] =       —  7.6
2A[ cm ] ( Pl [ p. cm ] -p2[ p. cm ] )g[cm. s ]
cp = cen tipo ise  
d = darcy
Rearranging 7.6 to determine the v is c o s i ty  o f f l u id  2,
2Ak \ 4. A  r ,  -Hz - 7 - 77^* (Pi-Pz)^ tane-u1 7.7QxlO0
7.4.4 Experiment
Six Lochaline core plugs were selected fo r  the experiment. The 
p e rm eab il i t ies  were measured at Imperial College using the most 
accurate a i r  pe rm eab il i ty  (ka) equipment ava ila b le . The Klinkenburg 
co rrec t ion  fa c to rs  were applied (Archer 1986). The l iq u id  
pe rm eab il i ty  (k3) equipment ava ilab le  was in s u f f i c ie n t l y  accurate to  
compare w ith  the NMR re s u lts .  I t  is  p a r t ic u la r ly  d i f f i c u l t  to 
measure high pe rm eab il i ty  o f order 1 Darcy because o f the 
exceedingly low pressure drop across the core plug.
Three cores were used fo r  pe rm eab il i ty  f low  experiments. Flow c e l ls  
were prepared in the usual manner. F lu id  1 was 99.98% D20 from Goss 
S c ie n t i f ic  and f l u id  2 24% Glycerol (A ld r ich  Chemicals) in d i s t i l l e d  
water. G lycerol so lu t io n  was selected because i t  is  a Newtonian 
f l u i d .  The remaining three cores were used fo r  the polymer
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v is c o s i ty  experiments. D20 was used as f l u id  1 and 1500 ppm 
Polyacrylamide in 3.2% asw (A lcoflood 935, A l l ie d  C o llo ids ) was used 
fo r  f l u id  2.
F lu id  dens it ies  were measured w ith  density  b o tt le s  and were in 
agreement w ith  tabu la ted values, CRC (1989). The v is c o s i ty  values 
were from CRC (1989). The f l u id  parameters are shown in Table 7.1.
The f loo d ing  experiments were successful using the method developed 
in 7 .3 .1 . The f lo o d  parameters are given in Table 7.2. The 
th e o re t ic a l  model assumes tha t an in te r fa ce  ex is ts  between the two 
f lu id s .  However the experiment showed th a t there was mixing at the 
f r o n t  o f one f l u i d  in to  the other. From the images th is  mixing 
f r o n t  was approximately 4-5 mm wide. Over th is  region the density  
d if fe rence  (pt - p2) o f the two f lu id s  is reduced. Since the mixing 
f r o n t  is 10% of the lengths 1 and 2r, and assuming a l in e a r  mixing 
f r o n t  fo r  s im p l ic i t y ,  the average density  d if fe rence  fo r  region a, 
b, c, d (Figure 7.9) is reduced by the fa c to r  0.9. The average 
v is c o s i ty  used in expression 7.5 is not a ffec ted .
Table 7.3 compares the re su lts  o f the perm eab il i ty  experiments w ith  
mixing co rrec t ion  to  the a i r  pe rm eab il i ty  and estimated l iq u id  
pe rm eab il i ty  measurements. An approximate reduction o f 20% was used 
on the a i r  pe rm eab il i ty  re su lts  to generate l iq u id  perm eab il i ty  
values. This value was on advice from researchers a t Imperial 
Col lege.
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TABLE 7.1
FLUID PARAMETERS FOR PERMEABILITY AND VISCOSITY EXPERIMENTS
D20 = 1.00 cp ± 0.05 %
24% Glycerol = 1.984 cp ± 0.05 %
D20 = 1.1075 g/cm3 ± 0.2 %
24% = 1.0578 g/cm3 ± 0.2 %
1500ppm Polyacrylamide = 1.0209 g/cm3 ± 0.2 %
(3.5% asw)
TABLE 7.2
FLOOD PARAMETERS FOR PERMEABILITY AND VISCOSITY EXPERIMENTS
CORE Q (cc /h r)  A (cm2) ANGLE 0“ Ka1r(D)
± 1 %  ± 2 %  ± 2 °  conventional
EW3 0.717 4.79 38 2.7 ±
UD12 0.779 4.41 36 3.0 ±
EW4 0.764 4.45 37 2.8 ±
EW09 0.613 4.41 35 2.7 ±
UD7 0.824 4.41 39 2.9 ±
EW5 0.797 4.60 40 2.7 ±
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CORE Kl*[D] ± 18% KAIR[D] KL(estim ate )[D ]
NMR conventional conventional
TABLE 7.3
PERMEABILITY RESULTS FROM FLOODING AND CONVENTIONAL ANALYSIS
EW3 1.8 2.7 ± 0.15 2.2
UD12 2.3 3.0 ± 0.3 2.4
EW4 2.1 2.8 ± 0.1 2.2
i<L was estimated as 80% of Ka1r.
TABLE 7.4
VISCOSITY RESULTS FROM FLOODING EXPERIMENT
CORE |±*[cp] ± 19%
EW09 5.1
UD7 4.5
EW5 4.9
Values include mixing co rrec t ion  and ca lcu la ted using an estimated 
Kl = 80% Kair.
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The re s u lts  o f the polymer v is c o s i ty  ca lcu la t ions  are given in Table 
7.4. The average value is  4.8 cp ± 0.9 . The re s u lts  from A l l ie d  
C o llo ids  brochure fo r  enhanced o i l  recovery polymers (A l l ie d  
C o llo ids  1990) show the v is c o s i ty  fo r  polyacrylamide 'a lco f lo o d  935' 
1500 ppm 3.2% asw as 10 ± 2 cp using a B rookfie ld  v is c o s i ty  meter at 
6 rpm, 25*c. However measurements by Susan Hall o f A l l ie d  Collo ids 
fo r  the author gave \i = 1.6 cp a t 400 ppm and |x = 2.6 cp fo r  1000 
ppm at 6 rpm, 25°c. The 1500 ppm value would the re fo re  be a l i t t l e  
over 4 cp.
7.4 .5  Discussion
The NMR perm eab il i ty  measurements agree well w ith  the conventional 
measurements. The conventional equipment at Imperia l College was 
unable to  measure the l iq u id  perm eab il i ty  at the time o f the study. 
However th is  does h ig h l ig h t  the problems th a t the petroleum industry  
faces in making th is  basic measurement. The e r ro r  ± 19% is large, 
because o f two main co n tr ib u to rs ,  the e rro r  in density  d if fe rence  
(8%) and secondly the e r ro r  in the tangent o f the measured angle 0 
(7%). These e rro rs  could be reduced by increasing the density  
d i f fe re n ce , and using a la rge r core. The la rger dens ity  d if fe rence  
would requ ire  greater viscous resistance so greater f low  v e lo c i ty  
and, hence greater imaging speed would be required. A core w ith  a 
shorte r water Tlf which suggests a lower pe rm eab il i ty , would be 
necessary.
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The v is c o s i ty  values fo r  polyacrylamide 1500 ppm 3.2% asw were 
w ith in  the B rook fie ld  v is c o s i ty  values (6 rpm, 25°c) 4 - 1 0  cp. 
However the polymer so lu t ion  shear ra te  cannot be determined. In 
published m isc ib le  displacement experiments, Hove (1988) v is c o s i ty  
is  normally quoted over a shear ra te  range 0 to 100 sec'1. The only 
conclusive answer is  to determine the v is c o s i ty  o f the polymer in 
the core plug from the Darcy f low  equation at in je c t io n  ra te  o f 0.7 
cc /h r .  The experiment was conducted but, the pressure drop across 
the core was too small to be measurable. Calcu lations show th a t i t  
would be o f order 2 mm of water.
7.4.6 Conclusions
The NMR and conventional pe rm eab il i ty  measurements compare well 
w ith in  the e r ro r  o f measurement. The NMR method does g ive re su lts  
fo r  l iq u id  pe rm eab il i ty  and could be extended to cores w ith  layered 
permeabi1i t y .
The range o f rock types tha t can be studied is p resently  l im ite d  by 
the equipment to cores w ith  low magnetic s u s c e p t ib i l i t y .  The 
s e n s i t iv i t y  o f the technique could be improved by using la rg e r  cores 
w ith  greater density  d if fe rence  between the f l u id s .  This has 
im p lica t ions  fo r  the imaging speed and c o i l  size e tc . The choice of 
f l u id s ,  in je c t io n  ra te  and imaging speed is c r i t i c a l  and dependant 
on the pe rm eab il i ty . To minimise the e r ro r  in the measured angle the 
optimum arrangements give an in te r face  angle of 30° to  50°.
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The NMR v is c o s i ty  measurements o f the polymer in the core could not 
be compared to conventional measurements as these were not se n s it ive  
enough. The NMR method has been used to evaluate the polymer 
v is c o s i ty  w ith  a d r iv in g  pressure drop o f order 2 mm water across a 
1" diameter core 1.5" long.
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CHAPTER 8
CONCLUSIONS
8.1 DISCUSSION
The systematic measurement o f the NMR properties o f various f lu id s  
in bulk and in cores was essentia l to se lec t appropria te  imaging 
methods. The rock m atr ix  a f fe c ts  the f l u id  d is t r ib u t io n ,  Tlf T2 and 
l inew id th  (v%) measurements. These measurements d i f f e r  w ide ly  from 
rock type to rock type and from one sample to another.
A model system was developed which could match the average p o ros ity  
(<1>)i T i, T2 and o f the rocks. The general p roperties  were matched 
success fu lly  fo r  a selected set of cores, however the c a l ib ra t io n  
images o f rock and phantoms showed lower than expected signal from 
the rock sample. This is  probably due to d i f fu s io n  processes 
Halperin e t al (1989). The d if fu s io n  processes can ra d ic a l ly  
decrease the re la xa t io n  time since the channels and interconnections 
in rock are narrow. Several authors have investigated the d i f fu s io n  
p ropert ies  of f l u id  in rocks (Packer e t al (1989), Banavar e t al 
(1989), Halperin e t al (1989)). More work is required to  resolve 
the d i f fu s io n  e f fe c t  so th a t  the f l u id  content o f rock can be 
ca lib ra te d  against phantoms. Another problem is the non-uniform 
d is t r ib u t io n  of magnetic su sce p t ib i1i t y  w ith in  the core plug. I t  is 
possib le th a t th is  plays a pa rt in the 'b lo tch y ' appearance o f the
195
images, and not just the physical distribution of the fluid.
From the cha rac te r isa t ion  experiments Lochaline sandstone and 
Portland Limestone were selected fo r  d isc r im ina t ion  experiments of 
various phases. Chemical s h i f t  imaging has been used to 
d iscr im ina te  o i l  from water in Limestone. The technique is  not 
su ita b le  when the s u s c e p t ib i l i t y  of the rock is greater than about 
3.7 ppm. More soph is tica ted  chemical s h i f t  techniques can be 
adopted H ors f ie ld  e t al (1990). These methods do not cover a l l  
s i tu a t io n s  p a r t ic u la r ly  when the magnetic s u s c e p t ib i l i t y  is high. 
In these cases i t  would probably be more e f fe c t iv e  to use the 
Invers ion Recovery method. The IR experiments described here have 
been p a r t ic u la r ly  successful a t d isc r im ina t ing  o i l  from water in 
rocks as £  of the o i l  is  s trong ly  dependent on o i l  v is c o s i ty .
The l in e  width broadening and genera lly  low concentration of 
t e r t i a r y  chemicals used in EOR makes unique d isc r im ina t io n  o f the 
t e r t i a r y  chemical extremely d i f f i c u l t .  Replacing water w ith  'heavy 
water' in t e r t i a r y  chemical so lu t ion  has been shown to be an 
e f fe c t iv e  method fo r  id e n t i fy in g  these chemicals s e le c t iv e ly .
Displacement experiments have been very successful. In m isc ib le  
displacements MRI has been used to id e n t i f y  the f r o n t  between two 
f lu id s .  Using D20 and H20 solvents the in te ra c t io n  o f viscous and 
g ra v i ty  forces gives an in te r fa ce  angle. A mathematical model was 
constructed which predicted f l u id  v is c o s i ty  and core perm eab il i ty
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from the measured angle. Experiments were conducted which showed the 
perm eab il i ty  and v is c o s i ty  measurements were accurate and compared 
favourably w ith  conventional core analys is .
Displacements w ith  t e r t i a r y  chemicals have shown exceptional 
d isc r im ina t ion  o f sodium dodecylbenzene sulphonate from 'heavy 
water' polymer and buty l a lcoho l. D iscr im ina tion  o f the 
bu ty la lcoho l is hindered as any water contamination has a s im ila r  
re la xa tio n  time to  the alcohol in sandstone. D irec t mapping of 
these chemical molecules had not been achieved before and these 
experiments c le a r ly  show the f low  routes the chemicals take during 
displacements.
The next stage o f th is  research should be to inves t iga te  
displacements in heterogeneous rocks, w ith  real re se rvo ir  f l u id s ,  at 
re se rvo ir  cond it ions. However to  address a wider range o f rocks i t  
is essentia l to reduce the eddy currents in the magnet to a llow 
shorter echo times e.g. te * 5 ms. A f i e ld  of 2 Tesla would improve 
signal to noise, but increase s u s c e p t ib i l i t y  e f fe c ts .
I t  should be possib le to  extend the work to  include gas 
displacements, using image sub trac tion  methods (as adopted in X-ray 
CT). 'S o l id  imaging' techniques are necessary to observe residual 
f lu id s ,  which are the key to understanding entrapment mechanisms. 
C lea rly  fu r th e r  work is required to understand the e f fe c t  o f the
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d is t r ib u t io n  o f magnetic s u s c e p t ib i l i t y  va r ia t io n  on image s igna l,  
both in te n s i ty  and spa tia l loca t ion . F in a l ly  v e lo c i ty  and d i f fu s io n  
mapping would bea natural progression o f the work.
8.2 CONCLUSION
The v is u a l is a t io n  o f f l u id  f low  by MRI has provided new re se rvo ir  
engineering in formation. Rock core perm eab il i ty  and f l u i d  v is c o s i ty  
has been determined from the NMR imaging o f m isc ib le  displacements. 
A mathematical model has been constructed to  describe the 
in te ra c t io n  o f viscous and g ra v i ty  fo rces. The re s u lts  compare well 
w ith  conventional core analys is and describe force ra t io s  acting in 
m isc ib le  displacements, the e f fe c t  o f core hetrogeniety  on the 
res idua l o i l  sa tu ra tion  and the action o f t e r t i a r y  chemical solutes 
and so lven ts . Through co llab o ra t ion  w ith  Imperial College the o i l ,  
water sa tu ra t ion  data has been used to improve the r e la t iv e  
pe rm eab il i ty  descr ip t ion  using re se rvo ir  s im ula tion .
This work proves th a t o i l ,  water, polymers, a lcohols and surfactan ts  
can be d is t ingu ished  one from another in various rock types, both 
under s ta t i c  and dynamic cond it ions . Q u a n t i f ica t io n  o f the data 
lead to  the development o f a model system which could mimic the 
p ropert ies  o f water in a rock m atr ix .
Several avenues fo r  fu tu re  work have been defined. These include; 
understanding the e f fe c t  o f magnetic s u s c e p t ib i l i t y  on the NMR
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measurements in cores, measuring the t i g h t l y  bound f l u i d  (sho rt T2), 
improving q u a n t i f ic a t io n  methodology by using model systems, and 
most im portan tly  u t i l i s i n g  th is  new information to improve the 
re se rvo ir  d esc r ip t io n .
MRI has a promising fu tu re  in EOR to improve the understanding of 
f l u i d  transport and provide data fo r  re se rvo ir  s imulation modelling. 
The challenges now are short T2 imaging o f the res idua l f l u id s ,  
q u a n t i f ic a t io n ,  and understanding the e f fe c t  of d is t r ib u te d  magnetic 
s u s c e p t ib i l i t y  in rock core plugs.
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Consider the diagram Figure Al o f a f l u id  v is c o s i ty  jx forced in to  
a core of perm eab il i ty  K. For s t r ip s  1, 2, 3, 4 the length o f f l u id  
ingress in to  the core is 1, 21/3, 1/3, 0 re sp ec t ive ly ,  w ith  Q/4 
in jec ted  in to  each layer. From Darcy's law Archer 1986.
APPENDIX 1 Average viscosity in the miscible displacement model.
AD Q [x Q \x 21A A  D----- 1 +-------
AB 4 7cA 4 kA  3
Q-
|A 1
kA  2
A l
I f  th is  f l u id  was f l u i d  2, v is c o s i ty  jx2 d isp lac ing  f l u i d  1, v is c o s i ty  
fjt1( then;
* * ab-Q-
A 2
]cA 2
The v is c o s i ty  is  the average v is c o s i ty  o f f lu id s  in volume A,B.
L
b
FIGURE Al M isc ib le  displacement
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APPENDIX 2 System Specification
Magnet 
Shim Set
Gradient Supply 
RF a m p li f ie r  
Imaging Console
RF System
Oxford Superconducting Magnet at 0.4T.
Oxford Instruments combined shim and 
gradient se t, 120 mm in te rna l bore, water 
cooled w ith  in te rna l Faraday sh ie ld .
Oxford Instruments 2.5 g/cm w ith  time 1 ms.
100 Watt ENI a m p li f ie r .
SMIS MR2000 system w ith  imaging software, 
p lo t te r ,  hard disk and tape streaming 
f a c i 1i t i e s .
SMIS MR2010 system. Broad band 1-200 MHz 
rece iver noise 3dB f i l t e r  8 pole Bessel 
p re-se lectab le  4 ranges 500 Hz - 20 KHz. 
Quadrature phase accuracy 0.1°.
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APPENDIX 3 Specialist Equipment Suppliers
P la s t ic  tub ing :
P la s t ic  f i t t i n g s :
Core encapsulation 
serv ice:
Heat shrink, 
f low  r ig s ,  and 
Pressure measurement:
1.19 mm 1/0, 1.7 mm OF 
Manufacturer:
D is t r ib u to r :
Portex Limited 
Hythe
Kent, CT21 6JL
Jencons ( S c ie n t i f ic )  
Limited
Cherrycourt Way 
In d u s tr ia l  Estate 
Standbridge Road 
Leighton Buzzard 
Bedfordshire, LU7 8UA
a) 1/16" 'Swagelok
Manufacturer: 
D is t r ib u to r :
b) OMNIFIT
Manufacturer:
D is t r ib u to r :
Swagelok
South London Valve and 
F i t t in g  Company Limited 
2 Wellington Town Road 
East Grinstead 
West Sussex RH19 2ES
OMNIFIT
Anachem 
Anachem House 
20 Charles S treet 
Luton
Bedfordshire LU2 OEB
Mr. M. Soper 
Gravatom 
Fareham Heights 
Standard Way 
Fareham
Hants P016 8XT
Mr. L. Lobos 
Integrated Technology 
Resource Lim ited 
Units 7, 8 In d u s tr ia l
Estate
Llandudno Junction 
Gwynedd LL31 9SX
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APPENDIX 3 - Continued 
Pumps (syringe): a) Perfusor
Manufacturer: B. Brown
Distributor: F. T. Scientific
Instruments Limited 
Station Industrial Estate 
Bredon
Nr. Tewkesbury, 
Gloucestershire
b) CRITIKON Syringe Minder
Manufacturer: Critikon Limited
(Johnson & Johnson)
Distributors: Critikon Limited
Broadlands 
Sunninghill 
Ascot
Berks SL5 9JN
Specialist Equipment Suppliers
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ERRATA
1) Page i, line 3 “...under static conditions by Magnetic Resonance 
Imaging (MRI), and only one, Baldwin (1986) had reported 
visualisation of flowing oil and water using a contrast agent 
manganese chloride."
2) Page 48, line 15 "..recover a further 35-50% of.."
3) Page 92, line 2 "..supplied by Surrey Medical Imaging Systems.."
4) Page 92, line 20 "..boards used for pulse sequence generation.."
5) Page 118, line 26 "..is water wet. The effect of wettability on
the relaxation properties of fluids in rocks was studied by.."
